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ABSTRACT OF THESIS 
The 'effect of PK fertilization on the stem characteristics of pole stage Sitka 
spruce (Picea sitchensis (Bong.) Carr.) was examined in this study. 
Ring width measurements were taken from discs cut from each mid-intermodal 
position, up to an overbark diameter of 7 cm, for 40 control and 40 fertilized 
trees in replicated experiments, and were used for the examination of the 
internal pattern of growth of the trees. Using computer plotting facilities 
tree diagrams were constructed showing the different stages of development of 
the trees. Following fertilization, ring width and ring area increased 
dramatically over the stem of the fertilized trees, indicating possible changes 
in the stern form. The effect of fertilization was reflected clearly in the 
radial ring sequences, the longtitudinal ring sequences and the sequences of 
rings parallel to the pith, as well as in the "contour diagrams" which were 
developed in this study. 
A method for estimating tree volume was developed which could be used when a 
factor - such as fertilization - might influence the shape of the stem. 
Analysis of the results revealed that there were statistically significant 
differences between control and fertilized trees in terms of basal area, 
cross-sectional area at half the total height, total height and volume. 
Examination of the form factor revealed that the form factor of the fertilized 
trees increased.Iollowing fertilization. - 
Stem form comparisons between control and fertilized trees-were carried out 
using: 	 - 
Principal comp9nent analysis, and 
Relative diameters. 
The results of- the above comparisons confirmed the form factor changes and 
indicated that changes occurred in the middle to upper part of the stem. This 
indicates the need for form measurements to be taken when estimating volume 
responses to fertilization on an area basis. 	 - 
A diameter prediction model was developed using the three principal components 
derived from the principal component analysis and gave good results. 
Trees responded to fertilization according to their position in the stand 
canopy: dominant trees with bigger and more vigorous crowns responded moreto 
fertilization than co dominant and subdominant trees. 	- - 	- 	 - - 
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GENERAL INTRODUCTION AND SCOPE 01 THE STUDY 
In recent years there has been a trend for afforestation to 
concentrate on poorer soils since the land to be used for such purposes 
has become scarcer. On the other hand, there exists a growing demand 
for wood products. The above conditions led to th9 development of new 
techniques to be applied for an increase in wood production. One of 
the silvicultural practices by which we attempt to create an environ-
ment favourable for tree growth is fertilization. Forest fertilization 
has long been used for this purpose (Heiberg and White, 1951; Tame, 
1968). The improvement of tree growth by fertilization is achieved by 
augmenting the natural supply of plant nutrients, from the soil in order 
to correct or forestall deficiencies (Everard, 1974). Fertilization 
provides the forester with much more control over the growth of his 
crops, and makes it possible to raise the level of yield without en-
dangering the future yield potential of the forest. 
As well as influencing total volume increment, fertilization may 
affect the distribution of increment along the stem of the trees 
(Bower, 1973; Brix and Ebell, 1959; Geasel at al #  1969; Ilitchal and 
Kellog 1972). Such changes in the distribution of increment may have 
important consequences in utilization and management. It is well 
known that a decrease in the taper of the trees may increase the out-
turn of saw-logs. In some cases there have been reports that stem 
form of the trees changed markedly following fertilization (Woolons 
and Will, 1975; Whyte and 1'lsad, 1977). In some other cases slight 
changes in th taper of the trees were reported (Miller and Cooper, 
1973), and finally there were cases in which stem form of the trees 
remained unaltered (Bower, 1973; Barclay etj, 1982). Table 1, while 
not being comprehensive, summarises many of the studies looking at the 
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response of fertilization in various species in different countries. 
Application of fertilizers may also cause a shift in balance 
of increment towards the biggest trees in the stand (Plitchefl and 
Kellog, 1972; Windsor and Raines, 1973). Such a change may influence 
the pattern of shading in the stand and therefore by increasing the 
suppression of the smaller trees will influence the time of thinnings. 
Usually responses of volume or volume increment of trees to 
fertilization are inferred from measurements of basal area and/or 
height. Unfortunately, little is known as to how representative such 
measurements are in relation to the pattern of the response higher up 
the stem since, as we have seen from the previous cited reports, the 
stem form of trees may be changed following fertilization. 
Asamann (1970) concluded that basal area increment at breast 
height, which is frequently used as a substitute for volume increment, 
is a doubtful value because volume increment also depends on height 
and stem form and thus differs widely. Reukema (1971) reportsd that 
the error in estimating volume increment - over a four year period - 
was 5 to 10 per cent if a I per cent change in form factor was not taken 
into account. 
Estimating volume responses to fertilization, Mitchell and Kellog3 
(1972) concluded that the estimation of volume response in dominant 
trees from breast height measurements should possibly be approached 
with caution. Finally, Flewelling and Yang chi Yang (1976), estima-
ting volume responses to fertilization, concluded that the accuracy of 
volume tables which were used to estimate the volume responses were 
biased by fertilization. 
From all the above cited references it might be concluded that 
it is difficult to estimate responses in the volume of the trees by 
measuring their basal areas and heights, since fertilization might 
TABLE 1 
RESPONSE OF DIFFERENT SPECIES TO FERTILIZATION 
SPECIES AGE(when REFERENCE YEAR OF COUNTRY FERTILIZER PERIOD VARIABLES AFFECTED BY 
fertilized) REFERENCE EXAMINED FERTILIZATION 
(years) 08 or 	Height Form Volume 
DBH 
Corsican pine 36 Miller & Cooper 1973 Britain N 6 + + a + 
Loblolly pine. B Ftziris & Zabel 1976 U.S.A PK 4 + + 
Loblolly pine 23 Windsor & Reines 1973 U.S.A NPK 6 
Loblolly pine 24 Wells at al 1976 U.S.A N 5 
Radiate pine 13 (ibllons & Will 1975 N.Zealand NP,NPK,N 5 + 0 
Radiate pine 40 hhyte & Mead 1977 N.Zealend NP 5 +  
Red pine 30-35 Heiberg at al 1964 U.S.A K 15 + + 
Sitka spruce 5 Farell & McAleese 1972 Ireland N,P - 4 + 
Sitka spruce 8 McIntosh 1978 Britain PK 3 + 
Sitka spruce 11 Davies at al 1971 Britain P 4 + + 
Black spruce 65 Weetman 	. 1975 Canada N 10 + + 
White spruce 35 Gagnon at al 1976 Canada K 10 + + 
Douglas fir 20 Brix & Ebell 1969 Canada N 3 + + 
Douglas. fir 24 Barclay at a]. 1982 Canada . 	N 9 + + 0 + 
Douglas fir 20-45 Bower 1973 U.S.A NPK 10 + + 0 + 
Douglas fir 47 Flewelling & Yong 1976 U.S.A N 5 
chi Yang 
+ 
Douglas fir 49 Mitchell & Kellogg .1972 Canada N 5 + 
Fertilizers 	1. N - Nitrogen 2. p - Phosphorus 3. K - Potassium 
Response 1. + - positive response to fertilization 
 0 - no response to fertilization 
 blank spaces d enote that either results are not presented, or not examined 
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affect the form of the trees. For this reason measurements of the form 
of the trees should be taken into account. 
From the studied bibliography negative results to fertilization 
do not appear so far. 1'11er and Rytterstedt (1974), who examined a 
lot of N fertilization trials in 21 trial areas of Pinus silvestrjs and 
Picea ables stands in Sweden, stated that "Although many of the trials 
covered a period of twelve years following fertilization they still 
appear to be too young for a reliable answer to the question of possible 
negative effects to be given. Nonetheless, the mean curves for the 
latter part of the period would indicate that scarcely any negative 
effects are to be expected". 
The effects of fertilization on the growth of the trees, and the 
possibility that the redistribution of increment following fertilization 
might have an influence On the stem form of the trees, were the main 
reasons for this study. 
The following objectives were set: 
1. To search for a method for sectional volume estimation 
which could be used to detect any possible influence 
of fertilization on the stem form, since volume and 
stem form are closely related. 
2. To examine the influence of fertilization on the internal 
pattern of growth of the trees, since this might explain 
possible changes in the external shape of the trees. 
3. To examine how trees respond in terms of: 
basal area 
height 
form factor, and 
volume 
as well as the duration of the response. 
4. To examine the behaviour of response of trees belonging to 
different dominanceclasses. 
5. To analyse the influence of fertilization on the stem 
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profile of the trees and develop diameter prediction 
functions. 
6. To examine the relationship between volume, volume 
increment and the basal area of the trees, under the 
influence of fertilization. 
For the fulfilment of these objectives, it was decided, following 
consultation with the Forestry Commission, that suitable material for 
the study could be provided by a 4x4 factorial experiment in Glentrool 
forest in SW Scotland. This experiment was designed to study the effect 
of top dressing PK fertilization on pole stage Sitka spruce (Picea 
aitchensis (Bong) Carr). 
1.2 
S1TKA SPRUCE - FERTILIZATION 
Sitka spruce is one of the most important forest species used in 
afforestation in Britain. In northern England and southern Scotland 
240 2 000 hectares or two thirds of the productive woodland area are 
spruce, and mainly Sitka spruce (Jeffrey, 1979). It is less wide-
spread in the east and unusual in East Anglia and Yorkshire (Mitchell, 
1972). In West Galloway district - where the experimental area is 
situated - Sitka spruce accounts for about 65% by area of the growing 
stock, and comprises almost 90% of the current planting programmes 
(Mclntoàh, 1978). 
The main reason for the expansion of Sitka spruce plantations in 
Britain is its rapid early growth as well as its greater productivity 
as compared with other species (Malcolm, 1970). Malcolm, who studied 
the influence of site factors on the growth of Sitka spruce in 
different forests in Scotland, pointed out that productivity in each 
of the examined forests was affected by local climatic effects as well 
as by the phosphorus status of the site. 
Because of the success in the establishment and growth of Sitka 
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spruce in the upland areas, it was planted over a wide range of sites 
with different fertility. The value of adding phosphatic fertilizers 
at planting on the poorest sites was 800fl realised, and with the devel-
opment of the plantations it became apparent that on poor sites further 
top dressings with phosphatic fertilizers were needed (McIntosh, 1981). 
On peaty ironpan soils the main factors limiting the growth of 
young Sitka spruce are phosphorus (P) and nitrogen (N) deficiencies, 
and on deep unflushed peat potassium (K) deficiency is another factor 
limiting its growth (MacKenzie, 1974). The response of Sitka spruce to 
phosphorus on mineral soils at planting is currently being examined on 
over 30 sites, ±n randomised block experiments (McIntosh, 1981), but the 
trees are considered too young to yield useful results. According to 
McIntosh (1981) on shallow peat soils with up to 30cm of peat, as a 
general rule phosphorus should be applied at planting and for those with 
over 30cm peat, phosphorus and potassium should be applied. On deep 
peat (over 45cm peat), phosphorus and potassium should be applied at 
planting. 
Responses in height of pre-.canopy closure stage Sitka spruce to 
W. fertilization over a three year period have been reported by McIntosh 
(1978). Also responses in height of similar stay Sitka spruce to phos-
phate and sulphate of ammonia fertilization have been reported by Farrel 
and McAleese (1972) over a four year period. Davis et al (1971) detec- 
ted a diameter response in Sitka spruce - eleven years old - following 
phosphorus fertilization. A short term response to nitrogen fertiliza-
tion of six year old Sitka spruce in terms of height has been also rep-
orted by McIntosh (1983). Dickson and Savill (1974), who examined the 
relationship between growth of Sitka spruce planted on deep oligo-
trophic peat, and uptake of P. K and N, found height increases and, 
suggested the use of N fertilizers also, apart from P, for this soil 
category. 
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However, more important responses than those of height, such as 
basal area, volume and form factor responses in older Sitka spruce 
stands do not seem to have been reported so far. 
Since the response to fertilization is expressed in terms of 
changes in basal area, total height, stem form and volume, the measure-
ments of these variables is important and will be discussed below, 
1.3 
STEM VOLUME VARIABLES AND THEIR MEASUREMENTS 
The common methods adopted in forestry for the volume estimation 
of the trees include measurements of the following variables: 
Diameter at breast height (1.3m above the ground level). 
Total height, and 
A measure of the stem form (form factor, form quotient). 
There is a variety of procedures and a range of instruments for 
measuring the above variables or their increment. 
1.3.1 
DIAMETER MEASUREMENTS 
When diameter measurements are being taken to estimate responses 
to a treatment care must be taken for these measurements. The reason 
for this is that basal area (cross—sectional area at breast height), 
is based upon these measurements and because it is very well known 
that basal area and volume are very closely related. 
Generally, diameter increment estimation can be obtained by 
taking repeated diameter measurements and in this case the exact 
height where the first measurement was taken must be marked as a guide 
for the future measurements. In regions where tree growth follows 
a definite annual growth pattern, direct measurements of diameter 
growth can be obtained by; 
Taking borings with an increment borer, and 
Measuring the diameter on cross—sectional cuts (discs). 
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The accuracy of the diameter increment determination of the 
individual tress depends on the following factors (Siostrzonek, 
1958): 
The number of measurements (how many radii) 
The age of the trees (eccentricity increases with age) 
The choice of the radii 
The mathematical evaluation (method of averaging) 
The depth of the boring (error increases with depth) 
Measuring diameter increment on discs is comparably more accurate 
because it permits a direct measurement of the desired radius (i). 
According to several investigators (Siostrzonek, 1958; Muller, 
1957) trees during their life time pass through various phases of 
stem cross—section form development. Therefore in each particular case 
for diameter increment estimation where effort versus accuracy must be 
balanced, one will have to consider the aforementioned factors for 
obtaining the desired results. According to Sioatrzonek (1958) good 
results in the estimation of diameter or basal area increment are 
obtained from measurements on discs when four radius measurements 
are taken perpendicular to one another (crosswise), with one arm of 
the cross coinciding with the maximum radius, and the average is 
obtained with the arithmetical mean. Double the arithmetic mean will 
give us the desired diameter increment at any time interval of tree 
life. Finally, planimetering of the discs can be used for the direct 
estimation of basal area increment with very good results. 
The diameter at breast height is usually measured with a diameter 
tape or a caliper. Use of a diameter tape will always have an over-
estimation of the mean diameter, except in the case of truly circular 
cross sections. When a caliper is used, usually two measurements at 
right angles are taken and the average is used. In this case some 
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positive bias is introduced (Loetach eta, 1973). Finally, when 
optical instruments (prisms, relascope, etc) are used, diameter 
readings must be taken from more than one direction. 
1.3.2 
HEIGHT MEASUREMENTS 
Total height is considered the vertical distance from the ground 
to the top of the tree. There is a range of instruments in use for 
the height measurements of the trees. Altimeters like Haga and 
Blume—leiss, and optical instruments like the Biterlich relascope. 
These instruments are used for standing trees. In this case we have an 
indirect measurement of the tree height from the ground level based on 
the principles of trigonometry. When these instruments are used there 
is always the possibility of errors because of wrong adjustment' of the 
instruments, leaning trees and inability, to define clearly the top of 
the tree. 
In standing trees height rods can also be used when the trees are 
young, or rods in combination with climbing the tree and using a tape. 
One source of errors with rods is the lack of coincidence of the 
height rod with the top of the tree. This can be overtaken with the 
use of binoculars from the ground. 
Repeated total height measurements at the beginning and the end 
of.the growth period can give th3 annual height increment. Height 
increment itself can be easily measured in some coniferous species 
i,.4-iich produce one branch cluster per year. The height increment in 
this case can be measured if the termination of previous year growth 
is marked as a reference point. Elongation of the stem at intervals 
during the growing season and for the total period can be measured 
from this reference point. Care must be taken for coniferous species 
which produce more than one branch cluster per year. For forest 
species which do not show a recognisable pattern, of height growth, 
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past years' height increment can be obtained by stem analysis. 
1.3.3 
FORM MEASUREMENTS 
The stem form can be defined as the decrease in thickness, in 
terms of diameter of a tree stem, from the base upwards. Stem taper 
according to the previous definition is a synonym. It can also be 
referred to as the relative change in stem diameter with increasing 
height. Using the above definition stem form can be accurately re-
resented by the stem 'profile' of a tree. 
Despite the extreme variability of stem form of the trees which 
makes it almost impossible to formulate general rules with application 
to all stems of a species, numerous attempts have been aimed to the 
expression of the stem form as a mathematical expression. Larson 
(1963) who studied a lot of early publications concerning the stem form 
pointed out that: "It can be shown that tree growth and stem form 
development follow certain general laws or patterns of growth that are 
inherited. However, these basic patterns can be modified by many 
environmental factors and by silvicultural practices." 
The earliest method of expressing the form of a tree was by the 
use of form factors. The form factor of a tree is the amount by which 
the volume of a cylinder of identical basal area and height has to be 
multiplied to give the actual volume of the tree. Thus form factor 
can be calculated from the formula: 
(i) 
where: F is the form factor 
V is the actual volume of the tree 
C is the basal area of the tree 
H is the height of the tree 
This method of expressing the form factor of the tree has the 
disadvantage that it can not be measured directly on a tree and this 
was the reason that this method was superceded by the form quotient 
- 	1 -I - 
method inwh1ch - a lower diameter was measured at a fixed height 
(1.3m above ground level) and the upper diameter was measured at a 
variable height. In this way the form quotient varied with the size 
of the tree. To correct for this, form quotient was later redefined 
as the ratio between the diameter at half the height of the tree above 
breast height and the diameter at breast height. The measurement of 
the upper diameter was still the main difficulty of this method. 
Both these indices of stem form are rather superficial expressions. 
The second method of defining the stem form which supercecled the form 
factor method is a rather unreliable expression of the form, because 
trees of the same form quotient may have quite different stem forms 
(Matte, 1949). 
Many attempts have been made in the past to express the stem form 
mathematically in terms of stem curves. Several theories for the 
development of stem form were advanced (Metzger, 1893; Gray, 1956). 
Metzger (1893) based his theory of stem form development on the idea 
that the wind action was the main factor of stem form development and 
concluded that tree stems ought to conform to the dimensions of a cubic 
paraboloid in order to withstand the wind forces. One more recent 
modification of the above theory could be considered Gray's "taper 
line" theory. Gray (1956) based on the same ideas, that is wind action 
was the main factor for the development of stem form, pointed out that 
the quadratic paraboloid was more consistent with the mechanical 
(bending stresses) requirements of the tree. Gray, with numerous 
examples of trees from Australia and Great Britain, Showed that graphs 
Of 
d2 over h (diameter squared over height) gave better fits and over 
a greater part of the stem than graphs of d3  over h (rIetzger's theory). 
Gray's "taper line" method, although advantageous when applied on 
standing trees gives biased results (Carron and McIntyre, 1959), Also 
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according toNewnharn (1965) application of this method gave good results 
for the part of the stem between 15 and about 80 per cent of tree 
height, although there were certain departures from the taper line, 
and in the lower part of the stem the diameter was less than the 
expected from the calculated "taper line". 
An extensive review of the literature about the mathematical 
representation of stem curves is given by Sterba (1980). The most 
important points that emerge from this review are: 
The greatest part of the research is directed towards 
the mathematical formulation of stem curves. 
The possible application of the stem curves is only 
mentioned briefly in most of the Cases when the objectives 
are stated or it is Suggested as a "further research" at 
the end of the theoretical work. 
Only a small part of the research goes into explanation of 
the stem form, relationships between the shape of the stem 
curve and the sociological status of the trees in the stand 
and examination of the shape of the stem curve on silvj-
cultural treatments. Finally, he Concluded that further 
investigation will be worthwhile if the influence of site 
and Silvicultural treatments on the stem form is considered. 
Among the other methods described in Sterba's paper, multi- 
variate methods have been used for the stem form description,-(Fries 
and Matern, 1966). Such methods have been also used for comparisons 
Of stem curves between different species (Fries, 1965), and for the 
me species under different sites and treatments (Liu and Keister, 
1978; Mendiboure, 1972). 
Use of multivariate methods, such as Principal Component 
Analysis, might result 1in more general expression of stem form since 
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such methods provide one with means of considering the general 
dimensions of variability as a whole. Application of Principal 
Component Analysis might help in the definition of stem form in order 
that comparisons between the stem forms of control and fertilized trees 
could be carried out for tracing probable response s along the stem of 
the trees and not in terms of form factors only. 
Finally, another method that might be of importance for 
comparison of stem form-in cases that this might have been affected by 
a treatment - such as fertilization - is that of using relative stem 
922 
curves (Hctienad1 Assmann, 1970). Relative stem Curves are stem curves 
which have been constructed using ratios of diameters at proportional 
heights (e.g. tenths of total height) to a reference diameter (e.g. 
the one at the first tenth of total height measured from the ground 
level) plotted over height. Prodan (1944) who elaborated Ho'enadl's 
method examined various mechanical and physiological theories about 
the stem curves in order to determine which statistically defined curve 
corresponds better with these thories, concluded that the relative stem 
curves correspond better with the physical and mechanical premises 
than polynomials in general. 
1.4 
FACTORS AFFECTING STEM FORM 
There is evidence that most silvicultural practices which result 
in an alteration of the growing space of the crown will have an 
influence in the stem form development (Larson, 1963; Assmann,1970). 
Usually the part of the stem covered by the crown of the tree is 
strongry tapered (Duff' and Nolan, 1957) because of the progressive 
increase in the number of branches from the apex downwards, and because 
of the cumulative distribution of these branches to the growth of the 
stem. Therefore open grown trees possessing longer crowns are more 
tapered than trees grown in-close distances (Belyea, 1925; Braathe, 
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1953; Jorgensen, 1967). As the tree crown recedes, and the branchless 
part of the stem elongates with increasing age or stand closure, the 
stern becomes more cylindrical (Bickerstaff, 1946). This tendency 
towards cylindricity usually results from a concentration of growth 
near the position of the crown base (Labyak and Schumacher, 1954; - Duff 
and Nolan, 1957). 
The influence of age in stem form was examined by Stoate (1942) 
who showed that with trees of the same diameter at breast height but 
different ages the younger trees would have greater taper because, as 
trees age, diameter increment declines faster than height increment. 
Reukema (1961) also showed that the position of maximum increment was 
shifting upwards with increasing age and therefore trees aging were 
becoming more cylindrical. 
As implied above, silvicultural treatments such as thinning, 
pruning and fertilization can change the growth pattern by introducing 
artificially new growth conditions in the stands. 
Thinning usually influences the stem form by increasing the 
growing space of the trees in a forest. The main effect of thinning is 
to convert a stand—grown tree to a tree which grows in more open 
conditions resulting in a shift of increment down the stem in response 
to the increased exposure and crown size (Reukema, 1961). The increased 
wind action which will increase the tree swaying will result in the 
development of mechanical stress in the lower part of the stem which 
also probably stimulates increased growth (Metzger, 1893; Gray, 1956; 
Brix, 1976). 
In the literature about stem form studied by Larson (1963), there 
is evidence that thinning decreases cylindricity and the main factor 
appears to be the wind action which promotes growth in the lower part 
of the stem. Larson also cited reports where there was no change in 
stem form following low intensity thinnings. He also cited evidence 
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that in the best sites heavy thinning 
of stem form, but the poorer the site 
cylindricity. Finally he stated that 
could be accounted for by the type of 
thinning and prior stem form. 
As expected, pruning has the op 
did not result in a deterioration 
the greater the decrease in 
many of these contradictions 
thinning as well as intensity of 
osite effect to thinning since 
by reducing the crown of a tree artificially converts it to a close 
grown tree. According to Larson (1963) pruning results in a reduc-
tion of increment at the stem base and a concentration of increment 
in the upper stem parts, and therefore tree stem becomes more 
cylindrical. Fertilization may have a marked effect on stem form in 
some cases as discussed in section 1.1. It has been suggested that 
the greater response might be at the base of the crown (Miller and 
Cooper, 1973). There has been evidence from other experiments (Brix, 
1976) that nitrogen fertilization has provided the trees with bigger 
crowns and more foliage in the first season of application. 
It is likely that improvement of tree growth conditions through 
fertilization might have caused a redistribution of increment over the 
stem which might introduce greater cylindricity over the stem. It is 
equally likely that fertilization might cause an advancement of the 
whole development of the stand by promoting growth conditions and 
that the response is similar to an advancement in the apparent age of 
the tree and according to Larson (1963) in this case there might have 
been an improvement in the stem form since ageing improves cylindri- 
city. 
Finally, 	the influence of these silvicultural treatments on 
stem form will in turn depend on the influence of heredity and site, 
aid stand structure. Larson (1963) had the opinion that responses in 
form are not invariable and often changes in form fail to occur 
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following a silvicultural treatment, although in several instances 
he attributed that to the prior conditions of trees, the experimental 




Use of one diameter and the height of the tree stem will only 
provide US with an accurate estimate of the volume of the trees if form 
factor or stem profile can also be taken into account. 
As an alternative the volume of a tree can be calculated by 
summing the volume of sections of the stem. Unless the sections are 
very short we must assume that each section corresponds to a solid of 
revolution (Spurr, 1952; Husch, 1963; Anuchin, 1970). This gives rise 
to formulae such as those of Huber and Smalian which can be applied to 
sections of tree stems for volume estimation. 
Usually the tree stem is divided into parts of equal length, and 
at least one diameter measurement is taken for each of them (in accord_ 
ace with the formula to be applied for the volume estimation). Such 
diameter measurements might be unrepresentative since they might co-
incide with whorl nodes, defective positions on the stem, or perhaps 
with other such irregularities. The numerous points of inflection - 
sudden drops of.diameter that change the shape of the stem - (Grosenbaugh, 
1966; Assmann, 1970) might add to that so that the final volume esti- 
nate might be inaccurate. If we are interested in the volume responses 
to some treatment, such as fertilization, then it is possible that 
these points which were suitable for defining the sections. for untreated 
trees, might be unsuitable for the trees following treatment due to 
shape changes. 
When the volume of the trees is to be estimated there are 
several methods for obtaining the diameter measurements for this purpose 
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such as: 
By the use of optical instruments such as prisms, 
dendromaters (Barr and Stroud) or the Biterlich relascope. 
By climbing the tree and taking the diameter measurements 
at different heights with a tape or a caliper. 
By felling the tree and taking the diameter measurements 
as before. 
The total height is also measured as described in section 1.3.2 
using a tape. 
Schmid at al (1971) give the sources of error and costs for height 
aid diameter measurements for the volume estimation using various 
instruments. 
For the volume increment estimation of a tree, or when volume 
responses are to be estimated, repeated diameter and height measure-
ments can be taken at the beginning and the end of a period, using one 
of the methods described above. As an alternative stem analysis 
methods could be applied estimating increment, especially when there 
are no measurements of the volume variables at the start of an 
experiment. 
Application of such a method can yield very accurate results 
f volume increment under bark, for any year before or during the 
period of a fertilization experiment. The advantage. of this method 
is its ability for more accurate diameter measurements to be taken 
since the diameters will be measured on cross—sectional cuts (discs). 
It also provides one with the ability of checking previous increment 
trends in the stand. 
An accurate volume estimation of a sample of trees is the basis 
for a better total volume estimation of the population. Therefore the 
volume estimation of each tree in a sample will have to be estimated as 
accurately and efficiently as possible. For these reasons and because 
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the usual methodsof volume estimation of the single trees are not very 
"sensitive" for situations where the growth pattern of the trees has 
been influenced by a treatment, it is considered necessary to search 
for a better sectional volume estimation for single trees. 
After all the above discussion it can be concluded that the bigger 
the number of diameters taken along the stem of the trees and measured 
on cross—sectional cut discs, the better the results of volume estima-
tion. Application of stem analysis techniques enabling annual or 
periodic volume increment trends during or before the experiment to 
be estimated, would yield quite accurate results. Since volume and 
stem form of the trees are very closely related, the same diameter 
measurements would permit reconstruction of the stem curves at the 
beginning and the end of a period under examination, so that the infl-
uence of fertilization on the stem form of the trees could be revealed 
all along the stem curve and not only at a standard position (e.g. 
breast height). Finally, it can be said that the need arises for a 
better sectional volume estimation method that might cope better with 
situations that the stem form is influenced by the treatment so that 
more reliable estimates of stem volume could be obtained. 
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CHAPTER 2 
MATER I A L 
2.1 	SITE DESCRIPTION 
The site is located in Glentrool forest, Galloway, west of 
Dumfries. The Forestry Commission is conducting various experiments 
in this forest trying to assess the effects of fertilization on the 
increment of trees. The study area in this forest was compartment 12 
and the species is Sitka spruce (Picea Sitchensis (Bong.) Carr.) planted 
in 1948 (turf planting, no ploughing) at an initial spacing of 1.5xl.5 
metres. The eIevation in the study area is 122 m with an easterly aspect, 
exposure is moderate and the annual rainfall is 1750 mm. The underlying 
geology is predominantly of the Silurian period. The soil is flushed deep 
peat, (F.C. class ifcation 9b) of 1 m. in depth on the west side, becom-
ing deeper towards the east side of the study area. 
The object of this experiment was, according to the Forestry Commi-
ssion, to observe the effect of P (phosphate) and K (potassium) top 
dressing on pole stage Sitka spruce. The experimental design includes a 
2x2 factorial design in 4 replications, a total of 16 plots. The treat-
ment plots are of rectangular shape of each being 0.045 ha (30x15 m) in 
area and enclose assessmentplots of 0.02 ha (20x10 m), Fig.1 . There are 
3 m buffer zones which separate the treatment plots. 
In April f970 the plots were thinned (low thinning but no more 
details available from the Forestry Commission) and fertilized. Fertiliz-
ers were applied in the following proportions and quantitites: 
Treatment 1: P- phosphate, as 375 kg/ha of unground rock phosphate, 
supplying 50 kg P/ha 
Treatment 2: K- potassium, as 200 kg/ha of muriate of potash, supply-
ing 100 kg K/ha 
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Fig. 1 Layout of the experiment 
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Treatment 3: PK- combination of P and K treatments supplying 
50 kg P/ha and 100 kg K/ha 
Treatment 4: 0- control (no top dressing) 
In this study the effects of combined fertilization (PK) have 
been examined and in the following blocks and plots (Table 2) 
TABLE 2 
PLOTS EXAMINED IN THE STUDY 
BLOCK 1 	BLOCK 2 BLOCK 3 BLOCK 4 
Plot 3 	(PK) Plot 5 (PK) Plot 10 (PK) Plot 16 (PM) 
Plot -4 (0) Plot 	7 (0) Plot 12 (0) Plot 14 (0) 
All the trees in the above plots were numbered and a cross mark 
on each tree showed the BH position, allowing repeated measurements of 
DBI-I to be taken at the same position. 
In 1970 the trees in these plots were assessed as General Yield 
Class 18 (Forestry-Commission data). In Novmber 1975 all plots', buffer 
zones and surround areas, were thinned again. According to the 'Forestry 
Commission a BA between 0.209 and 0.223 m2 had been removed per treat-
ment (1,2,3,4). 
2.2 TREE CLASSIFICATION 
All the trees in the plots under examination were classified for 
dominance in the following 4 classes: 
Class 1: Dominant trees 
These were the tallest and most vigorous trees in crop and 
usually had a large proportion of their crown free 
Class 2: Co-dominant trees 
These were trees in the upper canopy which they helped 
to complete, but they were below the crown level of the 
dominants. 
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Class 3: Sub-dominant trees 
These trees were not in the upper canopy but their leaders 
still had access to light which had not filtered through 
the foliage of adjacent trees 
Class 4: Suppressed trees 
These were trees whose leaders had no direct access to 
light and stand beneath the crowns of adjacent trees 
The dominance classification of a tree was of course relative to 
those trees immediately surrounding it. The same criteria for class-
ification were -applied to all plots irrespective of treatment. The DBH 
frequency distri.butior6of the trees' for the years 1971 & .75are given 
in Appendix 2. 
2.3 SAMPLING PROCEDURE 
According to the Forestry Commission's sampling scheme for this 
study, ten trees per control plot and ten trees per fertilized plot 
were sampled. These trees ought to cover the DBH frequency distribu-
tion in each plot and consequently to represent the tree classes 
described in the previous section. It was also decided that three of 
the ten trees to be representative of the suppressed and subdominant 
classes (taken as one class) and the rest to represent the co-dom-
inant and dominant classes. Since the trees of each plot had been num-
bered it was easy to sample randomly, using the numbers of the trees, 
under the above restriction. 
In December 1978, after the end of the growth period, a total of 
80 trees (40 control and 40 fertilized), were selected in the forest 
following the above described sampling procedure and felled. From the 
40 control trees 14 or 35% were dominants, 14 or 35% were co-dom-
inants and 12 or 30% suppressed-sub dominants, while the correspond- 
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ing proportions for the fertilized were 17 or 42.57; 11 or 27.57 and 
12 àr 307.. 
2.4 DISC COLLECTION 
Since one objective of this study was the examination of the 
internal pattern of increment it was necessary to take measurements 
of diameter and cross sectional area from discs taken so as to examine 
the distribution of increment both, longitudinally and radially through-
out the tree. Thus any changes in stem form caused by a redistribution 
of the increment as a result of fertilization would be detectable. 
Also the diameters to be measured on these discs ought to be close 
enough in order to permit adequate interpolation for graphic representa-
tion of "stem profiles", for comparative purposes, as well as for fi-t-
ting of taper equations. The same diameter measurements ought to be 
"representative" in the sense that they should be taken at positions 
on the tree avoiding nodes or other possible irregularities of the 
stem (Reukema, 1971). 
To meet these requirements it was decided to select one disc 
from each mid-internodal position of the stem of each of the trees. 
Thus a number of discs of about 3 cm thickness was cut from each tree 
as follows. 
The first disc was cut at a standard distance of 0.65 m above the 
ground level (half the BH distance) and considered to account for the 
butt-swell, the second was cut at the BH position and thereafter one 
disc from each mid-internodal position to a height where the diameter 
became less than 7 cm. Every disc was marked on the top with its 
number and the number of tree and treatment. A3 soon as they were cut, 
the discs were put into plastic bags, each of them laLelled with the 
block, plot, treatment and tree numbers. The bags were sealed to 
prevent drying Out. 
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CHAPTER 3 
METHODS OF DATA COLLECTION 
3.1 INTRODUCTION 
In order to fulfil the objectives of this study the methods to 
be applied should satisfy the following conditions: 
The measurements of volume variables, such as DBH and height 
as well as their increment, should be as accurate as possible and 
combined with the use of the proper volumetric formulae (Chapter 4, 
para 5 ) for a sound estimation of tree volume. 
The exam4natjon of the increment of trees and its distribu-
tion should not be limited at one particular position of the tree 
stem, such as the DBH position, but should cover the total length of 
the stem (Assmann,1970, Fayle and Mcdonald, 1977). The internal 
pattern of increment should he revealed, since increment pattern 
and stem form of the trees closely related, Assmann (1970) who 
very clearly states that: 
"In order to obtain an insight into the growth of the trees 
we must first analyze the pattern of growth and the resulting shape 
of individual trees". 
All these above called for analysis of the increment pattern 
using the " records" which are accumulated during the life of every 
tree:Incremental rings and application of stem analysis methods. 
3.2 DEFINITIONS 
Throughout this study 	 the following definitions 
are applied: 
1. Total height 
The distance between the height at which the tree was cut 
and the top of the tree, in metres. 
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Crown depth 
The distance between the top of the tree and midway between 
the lowest live whorl and lowest live branch, measured in 
metres. 
Lowest live branch 
A branch retaining some amount of live foliage. 
Lowest live whorl 
The lowest whorl with all branches live. 
Whorl height 
The distance between a whorl and the height where the tree 
was cut (lower end of the bole), measured in metres. 
Disc height 
The distance between a disc and the height where the tree was 
cut (lower end of the bole), measured in metres. 
3.3 FIELD MEASUREMENTS 
The following measurements were taken in the field: 
The height of the position where each disc was to be cut. 
The whorl height from the first distinguishable whorl to 
the last. 
The diameter at the BH position (overbark). 
The total height of the tree. 
The crown depth. 
All these measurements were taken as follows: 
Before felling the DBFI was measured with a tape. After felling 
the position of the lowest live whorl as well as the position of the 
lowest live branch were located and the mid point between them was 
marked on the tree. Thus the lower end of the crown depth was located. 
The big branches were removed in order to facilitate placing the tape 
along the stem of the tree, and the crown depth was measured and rec- 
- 26 - 
orded, as well as the height of each whorl. Finally the total height 
of the tree was measured and recorded. After taking all these measur-
ements the discs were cut from the predetermined positions. 
3,4 ANNUAL RING MEASUREMENTS 
It was .decided to measure all the annual ring widths on four 
radii, in the direction of the longest axis of the section and the 
axis at a right angle to the longest axis. This gives an accurate 
estimation of diameter or cross sectional area and their increments 
(Siostrzonek, 1958, Reukema, 1971) for the volume and volume increment 
estimation of the current or any previous year of the tree's life. 
The measurements were always taken on the upper side of the disc and 
from bark to pith. An example of recording the ring width is given in 
Fig.1 9 Appendix 1 	For, these measurements a special measuring - device in 
-c ~ohj 
bt 
 tion witha binocular microscdpe"" has been used (plate 1). 
The measurements were recorded to the nearest 0.01 mm, though a 
test of the instrument using to repeated measurement, on one radius 
showed that the SD of each measurment was approximately 0.03 mm, 
irrespective of measurement value. A plot of the SD against the mean 
values (Fig. 2, Appendix J) did not show any particular trend. 
3,5 BARK MEASUREMENTS 
Volume estimation of trees is usually based on overbark diameter 
measurementtakert at several positions on the stem. Because of the lack 
of previous knowledge of the effect of fertilization on the bark of 
Sitka spruce and since estimation of bark thickness is considered to 
be critical in diameter and volume increment studies (Reukema, 1971). 
it was decided to measure the bark thickness on each of the four radii 
of each disc (Whyte and Mead, 1977). These data could be used for the 






Plate 1. 	Measuring device used for ring width measurements 
for the estimation of the total bark volume of the trees. 
3.6 DATA HANDLING 
The data derivd from ring width measurements of discs and their 
height were punched on cards and stored in computer files in the format 
shown in Fig. 2. In the data file, part of which is presented in Fig.3, 
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Fig. 2. Data format 
These data were grouped by blocks of the Glentrool experiment and 
by treatment. Within each treatment the ten trees (sample) were ranked 
by their DBH in 1978. 
With the aid of a number of subroutines it was possible to 
calculate mean radius, diameter and cross sectional area for any 
year. With further infcrmation on the height of each disc tree volumes 
were calculated and the pattern of growth at different stages re-
constructed. 
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CHAPTER 4 
SINGLE TREE S_VOLUME ESTIMATION 
4.1 INTRODUCTION 
One of the basic requirements in growth and yield studies in 
forestry is. to estimate the volume of a forest stand. This can be 
done either by complete enumeration or by sampling. Complete enum-
eration is used in the case of a small' forest, or when we are dealing 
with a small number of trees, when it is then possible to estimate 
the stand volume as the sum of the volumes of the individual trees. 
When dealing with a larger number of trees, characteristics of the 
stand are estimated by sampling. The main problem in either case 
is to estimate the volume of single trees. After a solution is found 
to this problem, the rest depends on sampling error and sampling 
intensity, to achieve the desired standards of precision. 
Methods for estirnatinc volume involve taking and analysing a 
large number of measurements. The use of computers has simplified the 
job of doing the calculations. The taking of measurements has been 
simplified by the use of optical instruments, such as the Barr and 
Stroud dendrometer and the relascope. The use of such instruments 
reduces the need to fell trees for estimating volume. However, it may 
still be necessary to fell trees when a high degree of accuracy is 
required, such as for specific research objectives (e.g. growth studies 
using stem analysis or the preparation of volume tables), or when there 
are doubts concerning the accuracy of existing volume tables (following 
fertilization for example). 
Spurr (1952) stated that few subjects in forest mensuration have 
received as much attention as the .etjmation of tree volume and 
according to him, 
"the reason is evident, because of the consideration of the tree as 
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a complex and highly variable geometric solid. Thus the assessment of 
its volume in terms of very few measurements and by simple algebraic 
techniques is by its nature difficult if not impossible". 
It is very common in forestry practice to adopt thp idea of 
similarity of the tree stem with a solid of revolution bounded by a 
curve (the "diameter: height curve " ). If a tree stem is bisected by a 
vertical plane which passes through the pith, the section is bounded 
by a curve which theoretically is symmetrical with respect to the 
vertical axis (Fig. 4 ). 
X 
Fig.4. Longitudinal section of a stem as solid of revolution 
If this curve revolves around the vertical axis (Y) a solid of revolution 
results. 
Coniferous trees tend to have a definite central stem which probably 
does approximate quite closely to a geometric solid of revolution, their 
stem form is termed "excurrent", (Husch, 1963). Broadleaved trees, on the 
other hand, are "deliquescent" (Busch, 1963), having adifferent branching 
habit and less definite central stem. The following discussion is restricted 
to trees having an excurrent stem form. 
Considering the tree as a solid of revolution means that its volume 
can be calculated if the nature of the curve relating radius (diameter) 
to height is known or assumed. Three approaches have been used: 
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Theoretical development of the diameter: height equation-from 
a consideration of the biological or structural roles of the stem. 
Use of empirical equations for calculating volume for the 
whole tree. 
Use of empirical equations to describe the diameter: height 
relationship of sections of the tree, the volume of the whole tree being 
found by summing the volumes of the sections. 
4.2 THEORETICAL APPROACH TO THE DIAMETER: HEIGHT RELATIONSHIP 
Several theories have been developed concerning the development 
of the tree stem. Each of these theories is based on different factors 
which influence stem development, resulting-in different relationships 
between diameter and height. Some of these theories are described in 
the following sections. 
Metzger's theory 
Metzger (1893) considered the effect of the wind pressure as 
the main factor for the development of stem. According to his theory the 
stem was considered as a carrier of equal resistance to bending, and the 
force of the wind responsible for the bending action was assumed to be 
greatest at the center of gravity or the midpoint of the crown. The 
stem functioned as a lever arm and the stress created by the wind on 
the crown was propagated downwards culminating in a maximum at the 
stem base. The strengthening of the stem in the form of increased diam-
eter grdwth, paralleled the stress gradient downward in the stem. 
Plotting the cube of diameter (d 3 ) of sample trees, Metzger demonstrated 
that the d 3 values for various heights in the branch free bole corresponds 
to a straight line, therefore conformingt0his hyphothetical beam of 
uniform resistance to bending. Above the point where maximum wind force 
was presume to be applied (centre of gravity of the tree or Focal 
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point), wind pressure was less and thus stem diameter decreased, while 
below that point the stern should conform with the following relationship: 
h = ad 	(2) 
where: h = distance from the centre of gravity 
d = diameter. at h 
a = coefficient expressing the taper 
Hoheriadl's theory 
Hohenadi (1922), considered the weight of the stem and 
crown was the decisive factor for the stem form development. It was 
assumed by Hohenadl- (Larson, 1963) that in the, beginning of each seasonal 
growth period the requirements for conduction tissue (earlywood) were 
predominating and the requirements for strength tissue (latewood) were 
absent or slight. As growth proceeded in the crown and stern the weight 
would increase accordingly and greatly intensify the compressive forces. 
The latter would necessitate reinforcement of the strength tissue in the 
stem, and the tree would satisfy the demand not only for additional 
growth in the areas where the compressive forces were greatest but also 
by a more uniform distribution of conduction and strength tissues. At 
the end of the growing season, after leaf and twig fall, stem and crown 
weight would decline and may again be negative with regard to compressive 
strength which means there would be no demand for additional strength 
tissue. Therefore, when certain growth conditions resulted in a decrease 
in the specific weight and compression strength of the wood, a concom-
itant decrease in the stem cross section could also be anticipated. 
Summarizing it could be said that Hohenadi regarded the stem 
as a beam of uniform resistance to compression rather than to bending 
due to forces exerted by its crown weight. Finally Hohenadl gave a 
logarithmic formula for the diameter estimation at different heights. 
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Cray's. theory 
Cray (1956) agreed with Metzger's theory as far as wind 
agreed was concerned, as the main factor in stem form development and 
summarized his conclusions as follows (Larson, 1963): 
"Critical reflection suggests that Metzger's deduction is an 
artificial one, because only if a tree were ernbeded in material 
sufficiently strong to ensure that the attachment at the base would 
hold against forces greater than necessary to beak the stem, would 
it require the dimensions of a cubic paraboloid to offer uniform 
resistance to lateral pressures centred on the crown. As a tree is 
embedded in a relatively weak material it would appear that Metzger's 
stem is unnecessarily strong, and so it does not represent the most 
efficient structural member from a mechanical point of view". 
Finally Gray (1956) states abundant evidence indicating that the 
dimensions of the branch free bole conform, to a quadratic paraboloid, 
and gives the following expression for the diameter:height relationship 
h = ad 2(3) 
where: h = distance from "parabolic height" (which 
is tfie. distance from the intersection between thevertical 
axis. and the d 2 :height curve) 
d = the diameter at distance h from 
parabolic height 
a = cofficient expressing wind pressures 
on crown 
As it appears from the above theories, having arrived at a diam-
eter: height relationship the volume of the tree can be estimated by 
integration. Complete agreement cannot be expected between theor-
etically determined and the actual diameters, since the tree stem is 
a component of a living organism and its shape does not result from 
the influence of mechanical forces alone. Physiological processes and 
variations in external influences affecting the growth of the tree are 
also important. Thus the actual shape of the tree is more complicated 
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than for example, a beam of uniform resistance (Metzger's theory) and 
as a result the volume estimation of it becomes more difficult. 
43 EMPIRICAL WHOLE TREE FORMULAE 
Numerous attempts have been made to use formulae for tree stern 
volume estimation adopting a small set of hcight and diameter measure-
ments. Each formula calculates the volume of the stern but unlike the 
previous (a) approach it is not based on any idea of what the tree 
should be like, but rather assumes that the tree stem has 'a simple 
geometric shape. Based on this latter principle a number of formulae 
which apply ta the volume estimation of stereometric solids were 
adopted and used in forestry practive fo1 the volume estimation of the 
tree ste. Examples of this approach are: 
- Newton's formula 
	
V = 9+g1+4g112 x H 
	(4) 
6 
where V 	= the stem volume 
= the sectional area at the middle of 
the stem 
g 	= the sectional area at the base of the 
S ten 
9 1 	= the sectional areaat the top of the 
stem 
H 	= total height above stamp 
This formula, which is actually the formula for the volume estimation 
of a prismoid, can be used to estimate the volume of any of the forms 
which a tree stem assumes (Husch, 	1963). 
With the idea of modifying standard formulae (applied to stereo-
metric solids), to minimize the work needed for obtaining the required 
measurements for an accurate stem volume, the following formulae have 
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been developed: 
- Pressler's formula 
v=xgoxhdl/2 	(5) 
3 
where V 	= stern volume 
90 	= sectional area at the base of 
the stem 
hdl,2 = height above ground at point 
where diameter is 1/2 of BH 
diameter 
- Gossfeld's formula 
V = -. ( 3g11 3 +g0 ) 	 ( 6) 
where V 	a stem volume 
H 	= total height 
9 113 = sectional area at 1/3 of total 
height from base, and 
90 	= sectional area at base of stem 
The above formulae are applied for any form that the tree stem 
assumes. 
This empirical approach is likely to be even less satisfactory 
than the theoretical approach. Not only does it ignoresthe varying 
influences that the tree is subject to during its growth but it neglects 
the mechanical influences that are likely to have been important in the 
evolution of stern form. It does, however, provide a quick though approx-
imate method for estimating volume. 
4.4 EMPIRICAL RELATIONSHIPS (FORMULAE) APPLIED TO STEM SECTIONS 
An alternative to the whole stem approach is to consider the stem 
as consisting of a number of sections. The extreme of this approach is 
of course to regard the stem as consisting of a large number of very thin 
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cylindrical discs. The volume of the tree is then the sum of the 
cross sectional area of each disc multiplied by its height. This 
extreme approach is undesirable for two reasons: 
The amount of effort required to take all the diameter 
measurements, and 
Its lack of insight into general features of stem shape 
In practice, it may be more convenient to treat the stem curve as 
a composite of several curves. It is usually concave in the lower part, 
convex for most of the rest of the tree steu,and approaches a straight 
line near the top of the stem. All these parts of the stem curve can 
be described by the followin: general equation 
a= KY 	(7) 
where X = the cross section radius of the stem 
Y 	the distance from the top of the 
curve and finally K is a coefficient. 
This equation describes a family of curves known as parabolas (Fig. 5) 
lu 
cylinder 
gene ratri x 
x 
Fig: 5.  Family of curves produced by the equation a = KY 
According to the changes in the exponents a and b of this equation 
it is possible to construct different curves closely approximating parts 
of the actual stem curve. Finally revolution of these curves around the 
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-Y-axis produces different solids approximating parts of tree stem, 
such as those of Fig.6. 
- - - 
LJE]   
Fig. 6. Solids of revolution approximating parts of tree stem 
The most common and widely used formulae for sectional volume 
estimation have been based upon this theory. Examples of such formulae 
are: 
- Smalian's formula 
V= —  	xh (8) and 
2 
- }luber's formula 
Vngxh 	(9) 
where V = the volume of the section of the stem 
gm  the cross sectional area at the 
middle of the section 
8b = the cross sectional area at the 
base of the section 
= the cross sectional area at the top 
of the section 
Both formulae estimate the volume of a frust - urn ofaparaboloid 
(Frustum is the part of solid left if its top is taken off e.g. by 
a cut parallel to base), and were adopted in forestry for the section-
al volume estimation of tree stems (Spurr 	,1952, flusch 	, 1963). 
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Since the final estimation of the stem volume is the result of adding 
up the volumes of different sections both (8) and (9 ) give good 
results provided that stem sections are frustrums of paraboloids. The 
results of (8) or (9) will be incorrect if the stem sections are 
conic or neiloidic frustrums. Smalian's formula based on end cross 
sectional areas will overestimate volume, while Huber's formula which 
uses the middle cross sectional area will underestimate. Finally 
Newton's formula (4) can be also used for sectional volume estimation 
and in this case accuracy will be improved since this formula makes 
use of three sectional areas for the section's volume estimation, but 
the number of measurements will increase. 
ausch (1963) suggested that the volume of the tree stem will 
be better approximated with the use of the sectional volume estimation, 
but, recognising the stem shape as it appears in Fig. 7. 
top /I\ cone 




logs / \ neiloids 
Fig-7 , Geometric forms assumed by portions of a tree stem (Husch 	1963) 
and applying the proper formula for the corresponding part (section) 
of the stem. 
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After the examination of the foregoing main empirical relationships 
which areapplied for the volume estimation of the stem it could be said 
that the major difficulties arise from the weakness of a general 
formula for the volume estimation of a highly variable tree stem, or 
parts of it. Since this study deals with a "sensitive" situation as 
far as the volume estimation of the single trees was concerned, a 
decision was taken to examine, investigate and develop an appropriate 
method of volume estimation. 
Adoption of any theory considering the development of a tree 
stem as approaching a paraboloid (Metzger's theory-Gray's theory), 
might lead to serious errors and perhaps mask probable increases caused 
by fertilization. Application of Smalian's or }Iuber's formula for 
sectional volume estimation made it necessary that tree stem or parts 
of it resembled a paraboloid - for correct volume estimation. Newton's 
formula was rather cumbersome without defining the section's length 
for an adequate degree of accuracy and without assurance for "represent-
ative" points 	 -- 	 i.e. points along the stem at 
which diameters are not affected by any kind of irregularities of the 
stem. Husch's suggestion concerned with the recognition of the stem 
as in Fig.7 did not define where the stem shape turns from neiloid 
to paraboloid or to conoid in order to apply the corresponding formula 
for that particular section of the tree stem. 
All these lead to examination for a method which might cope with 
the complexity of the stem shape under the conditions of th particular 
experiment of fertilization. 
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45 	A PROPOSED METHOD FOR THE SECTIONAL VOLUME ESTIMATION 
OF THE TREES 
Intro d uc t ion 
In this study the volume estimation method to be applied 
should be capable of: 
Coping with the complexity of the tree stem (as already 
discussed in the previous section) and, 
accounting for possible stem form changes caused by the 	- 
combined effect of fertilization and thinning, since possibly either 
of these two treatments might affect it. 
Several researchers in the past stressed this complexity in stem 
form below and within the crown as well as in the butt region of the 
ste, (Petrini 1921, Behre 1923, Prodan 1944, Larson 1963). Since stem 
form is the result of the internal increment pattern of the tree, 
factors which might affect the internal pattern of increment might 
also affect and contribute to this complexity. It has already been 
reported that there is a redistribution of increment on the tree stem 
caused by thinning ( Flartig 1901, Hagberg 1942, Na3lind 1943, Assmann 
1970). Miller and Cooper (1973) reported changes in the taper of Corsican 
pine after the application of fertilizers and Whyte and Mead (1977) 
reported changes in the stem form of Radiata pine following fertilization. 
Changes in stem form or taper of Sitka spruce do not appear to have 
been reported so far. 
From all the above it can be said that any silvicultural treatment 
that might alter the prevailing conditions in the crown might be 
reflected by a concomitant change in the stem form of the trees. It is 
likely that fertilization might improve the growth rate by increasing 
the photosynthetic efficiency of the foliage and/or by increasing the 
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leaf area and therefore probably affecting the stem form. Brix (1976) 
presents evidence of such changes taking place in thinning-fertiliz-
ation experiment of 24 year-old Douglas fir. It is also possible that 
fertilization may "advance" the stage reached by trees in relation to 
those in the control, a stage which the latter would reach at some 
later point in time. Hence it might be more appropriate to consider 
that form is not actually altered by fertilization, only moved along 
its normal progression at a faster rate (Miller 	, 1981). 
The method 
It is well documented from -previous research that stem 
form changes from tree to tree under the influence of crown size or 
tree class (Tiren 1928, Burger 1951, Horn 1961), and from forest to 
forest, as it is influenced by differences in site, structure and 
management (Badoux 1935, Zimmerle 1951, Calaham and Liddicoet 1961), 
and within the same forest from one stage of age to the next (Jonson 
1927, Leibundgut 1945, Bickerstaff 1946, Fanta 1958). Also there are 
no standard positions on the stem where the stem curve turns from 
neiloid into paraboloid and/or to conoid. 
Grosenbaugh (1966) summarizing his work on tree volume estimation 
says that height-diameter measurements taken for volume estimation 
have to be enough to locate all points of inflection. He also comments 
that: 
"concavity or convexity becomes relatively unimportant in 
sections short enough so that the smaller diameter is at least 8/10 
of the larger diameter". 
It was felt that for an accurate volume estimation of a section 
of a stem - assuming that the stem is considered as an aggregate of 
several geometrical solids of revolution - the discrepancies caused 
from using different volume formulae for the volume estimation of a 
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section had to be minimized. For this reason an alternative to using 
a particular volume formula corresponding to the section of the tree 
resembling a particular solid of revolution was investigated. This 
involves measuring diameter up the tree at points of equal reduction 
in diameter (called the diameter step). if one used an infinitely 
small diameter step, which in effect means taking an infinite number 
of diameters,it would be possible to have a highly accurate volume 
estimate irrespective of the formula used to calculate the volume 
of each stem sections. Alternatively with a very coarse diameter step 
the different formulae applied to a given stein section may produce 
quite different estimates of volume for the section. 
In between those two extremes there will be a diameter step 
which represents the prefered trade-off between effort (the number 
of diameters to be measured) on one hand and the discrepancy (in 
terms) between the extreme volume formulae on the other hand. (Here 
by extreme formulae is meant the formulae for neiloid and paraboloid). 
It was therefore decided to test different volume formulae for estimat 
ing the volume of sections based on diameter steps rather than adopting 
standard lengths (e.g. tenths of total height), or any other predefined 
length. The volume formulae tested (Forest Mensuration Handbook, Hamilton 
G.J. 1975) are detailed below and their application identified in the 
frust:ums of Fig.8 : 
For the frust;:um of Neiloid, V_ 16 x H x (D 2 +d 2+2dD) (10) 
For the frust:<um of Paraboloid, V=-g 11  -x H x (D2+d2) 	(ii) 
For the frustLum of Conoid, V= 	x H x (D2 +d 2+Dd) (12) 
where D = the large-end diameter of the 
frus trum 
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d = the small-end diameter of the 
) 
3 
frus : urn 
i-I = the height of the frust,.um 
Fig. 8.Frustums for which volume formulae were tested 
1. 
A program for volume estimation was tested by computer using 
the above mentioned three volume formulae for different heights and 
diameter steps. From the part results presented in Tables 3 and 4, 
it can be seen that when the difference between the two end diameters. 
(diameter step), is 2.5 cm, the percent difference of volume between 
the three frustrums tends to be less than 17.. 
The next step was to investigate the relationship between effort 
(the number of measurements) and accuracy. From the results presented 
on Table 5, Fig.9 was constructed. This Figure shows the relationship 
between percent volume discrepancy (neiloid/paraboloici) and the ratio 
of diameter step/big diameter. With the help of data extracted from 
this Figure, the next Figure (Fig.o) was constructed. This final 
Figure provides the diameter step that should be used for a given 
DBH and for a required degree of agreement between the extreme 
formulae (paraboloid and neiloid). 
For example if one required a maximum discrepancy of 17. (i.e. 
the volume estimated by the two formulae agreed to within 17.) and 
the stem has a diameter of 25 cm at the BH position, then a diameter 
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TABLE 3 
VOLUME ESTIMATION USING FO8JWLAE FOIt 008010. PARABOLOID AND 8011.010 FRUSTOUMS 
2 1 3 4 	 5 	 6 7 	 8 9 	 10 
Ac. VOUW o) VOLUME OF VOL&D 	OF VOLUME DIFFERENCE V0LW 	DIFFERENCE 1 
CONOID 
. 
ARA8OI.OID MElLOW . PA8A8OLOID-CONOID NEILOID-CONOID PARA8OI.02D-COI8OID 
r~ 5.1 
10 .1 .. .0.0099 0.0100 0.0099 
IEILOID-00S80I0 
  0.0001 -0.0000 0.82 .0.43 
10 1 0.0124 0.0127 o.oiq_ 0.0003 -0.0002 2.60 -1.32 
11.5 10 1 0.0152 0.0159 0.0148 0.0007 -0.0004 4.12 -2.45 
20.0 10 1 1.0181 0.0196 0.0116 0.0013 -0.0006 6.90 
22.1 10 1 0.0217 0.0238 0.0207 0.11020 -0.0010 8.98 -4.81 
21.0 10 1 0.0255 0.0284. 0.0240 0.0029 -0.0015 539 
21.5 10 1 0.0296 0.0316 0.0215 (1.0040 -0.00211 12.68 -7.01 
30.0 80 1 0.0340 0.0523 0.0314 0.0052 -0.0026 14.29 -8.00 
12.5 10 2 0.0199 0.0201 0.0198 0.0002 -0.0001 0.82 -0.41 
15.0 10 2 0.0248 0.0255 0.0245 0.0006 -0.0003 2.60 -1.32 
11.5 10 2 0.0304 0.0319 0.0296 0.0015 -0.0007 4.72 -2.45 
20.0 10 2 0.0366 0.0392 4.0353 0.0026 -0.0013 6.90 
22.5 10 2 0.0435 0.0476 0.041 0.0041 -0.0020 8.08 -4.81 
21.0 10 2 0.05181 0.0569 0.0480 0.0059 -0.0029 30.91 
21.5 10 2 0.0592 0.0612 0.0551 0.0080 -0.0040 12.68 
30.0 10 2 0.0680 0.0785 0.0628 0.0809 - 	 -0.0052 14.29 -8.00 
12.5 10 3 0.0299 0.0302 0.0298 0.0002 -0.0001 0.82 -0.41 
15.0 10 3 0.0313 0.0383 0.0368 0.0010 -0.0005 2.60 -1.32 
17.5 10 3 0.0436 0.0478 0.0145 0.0022 -0.0011 4.72 -2.45 
20.0 10 3 0.0549 0.0589 0.0530 0.0039 -0.0020 6.90 
22.5 10 3 0.0652 0.0714 0.0422 0.0061 -0.0031 8.98 -4.81 
25.0 II 3 0.0165 0.0854 0.0128 0.0088 -0.0064 80.91 -5.914 
21.5 10 3 0.0848 0.8008 0.33828 0.0120 -0.0060 12.68 -1.01 
30.0 10 3 0.1020 0.1117 0.0942 0.0857 -0.0078 _14.29 -8.00 
12.5 10 5 0.0499 0.0503 0.0497 0.0004 -0.0002 0.82 
- 
-0.41 
15.0 10 5 0.0621 0.0638 0.0613 0.0016 -0 . Dow 2.60 -1.32 
11.5 10 5 0.0760 0.0791 0.0342 0.0037 -0.0018 4.12 -2.45 
20.0 10 5 0.0916 0.0981 0.0883 
- 	 0. 1065 -0.0033 6.90 -3.64 
22.5 10 5 0.1087 0.1190 0.1336 0.0102 -0.0051 8.98 -4.81 	- 
25.0 10 5 0.1275 0.1423 0.1202 0.0147 -0.0073 10.91 • 
27.5 10 5 0.8480 0.1480 0.130 0.0200 :0.0100 12.68 -7.00 
30.0 80 5 0.8701 0.1962 0.1570 0.0262 -0.0131 14.29 -8.00 
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TABLE 4 
VOLUME LSIII4A1106 USING 7087(0148 FOR COIlOID. PARABOLOID AND 8811010 F6UST8UHS 









-I-DiFFERENCE VOLUME DIFFERENCE t 
PARABOLOID-CONOlO NE1l.OID-00I1O1D PARABOI.OIDCONOID ILOID-CUNOID COMOLD PA8A8OI.OID..t 8111.010 
32.5 30.0 1 0.077 0.0768 0.0767 0.0001 -0.0000 0.11 -0.05 
35.0 30.0 1 0.0831 0.0834 0.0829 0.0003 -0.0002 0.39 -0.20 
37.5 30.0 1 0.0890 0.090 0.0894 0.0007 -0.0004 0.82 .0.41 
60.0 30.0 1 0.0968 0.0981 0.0942 0.0013 -0.0006 1.34 .0.68 
62.5 30.0 1 0.1042 0.107,2 0.1031 0.0020 -0.0010 1.94 -0.99 
65.0 30.0 1 0.1119 0.1148 0.1104 0.0029 -0.0015 2.60 -1.32 
47.5 30.0 1 0.1199 0.12', 0.1119 0.0040 -0.0020 3.29 -1.64 
50.0 30.1 1 0.1282 0.73,6 - 0.7256 0.0052 -0.0026 4.00 -2.06 
32.5 30.0 2 0.15)4 0.1536 0.153) 0.0002 .0.0001 0.31 -0.05 
35.0 30.0 2 0.1661 0.1608 0.1658 0.0001 -0.0003 0.39 -0.23 
37.5 30.0 2 0.1796 0.1810 0.1788 0.0014 -0.0007 0.82 -0.41 
40.0 30.0 2 3.1931 0.1962 0.1923 0.0026 -0.0013 1.34 -0.68 
42.5 30.0 2 0.2083 0.2124 0.2063 0.0041 -0.0020 1.94 -0.99 
45.0 30.0 2 0.2237 0.2296 0.2208 0.0059 -0.0029 2.60 -1.32 
41.5 30.0 2 0.2397 0.2478 0.23c7 0.0080 -0.0040 3.29 -1.69 
50.0 30.0 2 0.2564 0.7669 0.2512 0.0705 -0.0052 - 4.00 .2.06 
32.5 30.0 3 0.2301 0.2303 0.2300 0.0002 -0.0001 0.11 -0.05 
35.0 30.0 3 0.2492 0.1502 0.2487 0.0010 -0.0005 0.39 -0.20 
37.5 30.0 3 0.2693 0.2716 0.2682 0.0023 -0.0011 0.82 -0.41 
40.0 30.0 3 0.2904 0.7934 0.3885 0.0039 -0.0019 1.34 -0.68 
42.5 30.0 3 0.3125 0.3187 0.3095 0.0061 -0.0031 1.94 -.0.99 
45.0 30.0 3 0.3356 0.3444 0.3312 0.0088 -0.0044 2.60 -1.32 
41.5 30.0 3 0.3596 0.3716 0.3536 0.0120 -0.0060 3.29 .1.69 
50.7 30.' ) 0.3846 6.4003 0.7768 0.015? .0.0078 4.00 -2.06 
32.5 30. 5 0.3835 0.3839 0.3833 0.0004 -0.0002 0.11 -0.05 
35. D 10.0 5 0.4154 0.4170 0.4146 0.0016 -0.0008 0.39 -0.20 
37.1 30.0 5 0.4489 0.4526 0.4471 0.0037 -0.0018 0.82 -0.41 
40.0 30.0 5 0.4841 0.4906 0.4841 0.0065 -0.0032 1.34 -0.68 
42.5 30.0 5 0.5209 0.5311 0.5158 0.0102 -0.0051 1.94 -0.99 
45.0 30.0 5 0.5593 0.5740 0.5519 05147 - 	 .0.2173 2.6 -1.32 
47.5 30. 5 0.5994 0.6196 0.5894 
0.0200 .0.0100 3.29 .1.69 
5O.0 30. 5 0.6411 0.6072 0.6280 0.0262 -0.0131 4.00 -2.06 
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TABLE 
VOLUME-DISCREPANCY (NElLolo/PARABULOID) % AND RATIO OF DIAMETER STEP/BIG 
- ._!JEIt.  ILK 
7 8 9 
column 6 
Dcm 	Jcm Hm VOLUME OF VOLUME OF VOLUME OF 
DIAMETER RATIO 10Ox( column 
CONOLD m PARABOLOID in3 NEILOID m STEP cm DIAMETER STEP/D 
32.5 0.0 1 0.0767 0.0768 0.0767 2.5 
0.076 99.8 
35.0 0.0 1 0.0831 0.0834 0.0829 5.0 0.142 
99.4 
31.5 10.0 1 0.0898 0.0905 0.0894 1.5 0.200 
98.7 
40.0 0.0 1 0.0968 0.0981 0.0962 10.0 0.250 98.1 
42.5 0.0 1 0.1042 0.1062 0.1031 12.5 0.294 97.1 
5.0 0.0 1 0.1119 0.1148 0.1104 15.0 0.333 96.1 
47.5 0.0 1 0.1199 0.3239 0.1119 17.5 0.368 95.1 
50.0 0.0 1 0.1282 0.1334 0.1256 20.0 0.400 94.1 
32.5 0.0 3 0.2301 0.2303 0.2300 2.5 0.076 99.8 
35.0 0.0 3 0.2492 0.2502 0.2487 5.0 0.142 99.4 
31.5 0.0 3 0.2963 0.2716 0.2682 1.5 0.200 98.7 
40.0 10.0 3 0.2904 0.2934 0.2885 10.0 0.250 98.1 
42.5 0.0 3 0.3125 0.3187 0.3095 12.5 0.294 97.1 
45.0 30.0 3 0.3356 0.3444 0.3312 15.0 0.333 96.1 
41.5 10.0 3 0.3596 0.3716 0.3536 17.5 0.368 95.1 
50.0 10.0 3 0.3846 0.6003 0.3768 20.0 0.400 94.1 
32.5 30.0 5 0.3835 0.3839 0.3833 2.5 0.076 99.8 
35.0 30.0 5 0.4154 0.6170 0.4146 5.0 0.142 99.4 
37.5 30.0 5 0.4489 0.4526 0.4471 7.5 0.200 98.7 
40.0 30.0 5 0.4841 0.4906 0.4841 10.0 0.250 98.1 
42.5 30.0 5 0.5209 05311 0.5158 12.5 0.294 97.1 
45.0 30.0 5 0.5593 U.'740 0.5519 15.0 0.333 96.1 
47.5 30. 5 0.5994 0.6194 065894 17.5 0.368 95.1 
50.0 30. 5 0.6411 0.6672 0.6280 20.0 0.400 94.1 
.. - ..., 
ON 	0.04 	0.06 	0,08 0.4 	0.2 	0.14 	0.16 	0.0. 0.2 
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Fig. 9. 	RELATIONSHIP BETWEEN VOLUME DISCREPANCY(NEI[OID/PARABDLOtD), % 
AND RATIO(DIAMETER STEP/BIG DIAMETER) 	. 
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BIG DIAMETER C14 
Fig,, 10. Diagram for the selection of the diameter step 
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step of 4.5 cm should be used. If on the other hand one is content 
with a maximum discrepancy of 2% then it can be seen from Fig.10 
that the required diameter step is 6.5 cm. The selection of the 
diameter step from Fig.10 according to the DBH of the stem will be 
the starting point for taking the sectional measurements for the 
volume estimation. Thereafter the measurer will need to reajust each 
subsequent diameter step for the remainder or the measurements up 
the stem as it will be dictated by Fig.10 in order that the same 
predefined accuracy be retained. 
Following the above method (i.e. estimating the proper diameter 
step from Fig.10 )sectional volume for any part of the tree stem can 
be estimated at a predefined degree of accuracy. This volume estimation 
is independent of the volume formula to be used, considering the 
degree of discrepancy as adequate for each particular situation. One 
of the benefits of the application of diameter step is that the 
possibility of coincidence with nodes or other irregularities of the 
• 	stem (i.e. sudden reductions in diameter) is reduced compared 
• 	w.i.t-h c- taking diameter measurements at tenths of total height. Also 
the 
application of4diameter step establishes a better consistency among 
different data collectors. :---. 	 -*::: 	 •. 	 --- 	 - 
- --• 	 --- 	- -. 	• 	- - 	:- 	- 
Therefore for a consistent sectional volume estimation of a tree, 
one has to consider the following points: 
Diameter steps should be used instead of standard lengths for 
diameter measurements. 
The diameters will be measured at mid-internodal positions on 
the stem. 
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3. The appropriate diameter step should be used and this will 
be read from Fig. 10 for the fulfilment of the requirements of each 
particular situation. Among other possible uses of this method the 
following can be mentioned: 
Diameter steps can be used as a criterion for checking 
previous volume estimations of tree sections where different formulae 
have been used and in each particular situation to qualify the 
volume results. 
This method can be applied for volume estimation of either 
standing or felled trees, whether using an optical instrument or a 
caliper for diameter measurements. 
In cases where an external factor, such as fertilization or 
thinning, has upset the prevailing growth conditions with possibilities 
of changing the stem form, or when there are doubts concerning the 
application of of existing volume Tables, the application of this 
method is recommended - and particularly in its strict form using 
a 2.5 cm diameter step - for volume estimation of the trees. 
Finally it might be said that the method involves some extra 
1 
work since the measurer needs to reajust the diameter step for total 
volume estimation of the stem, in order to retain the same degree 
of accuracy, but when one is faced with the problem of stem volume 
estimation in 	 situations such as in different treatments 
that might affect stem form, the applicaticn of this method is still 
valuable. 
This method was applied as a "check method" in this study in 
the sense of examining the difference between the two end diameters 
of each stem section (diameter step) It was found that all these 
differences were smaller than 2.5 cm and consequently any of the three 
formulae of page 43 could be used 
fl 
Q 
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CHAPTER 5 
EXAMINATION OF THE INTERNAL 
PATTERN OF GROWTH 
5.1 INTRODUCTION 
In this Chapter the internal pattern of growth of the trees as 
well as the response to fertilization are examined and presented. 
The growth pattern is examined in terms of graphs constructed with 
the help of the computer or by hand. In these graphs the growth 
pattern is examined in terms of mean annual ring width based on four 
radii or in terms of mean cross sectional area (contour diagram). 
The ring increment pattern is examined in several positions over the 
part of the stem where the discs were cut from successive internodes. 
Statistics and other details concerning the stand characteristics 
will be given in Chapter 6 , together with the statistical analysis 
of the •data. The.internal pattern of growth is presented first to 
facilitate the understanding of external changes in the dimensions 
of the trees. 
5.2 METHODS OF PRESENTATION 
It is the usual practice when estimating or presenting the 
increment of the trees to measure ring widths of successive years 
at a height of 1.3 m distance from the ground level. There have been 
reports in the past (Fayle and Mcdonald, 1977) that ring measurements 
at breast height may be misleading owing to the possibility of marked 
shifts of increment along the stem. Hence, in this study, ring width 
patterns were studied at various heights not only in radial sections 
but longitudinally and radiolongitudinally to obtain a more detailed 
view of the distribution of increment throughout the stem. 
So far there have been reports of different behavior of response 
to fertilization of trees belonging to different dominance classes 
(Mitchell and Kellog, 1972; Gessel at al, 1969). Because of the diff-
erence in behaviour of response, and since it is desirable to examine 
the response 
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of the different tree classes, it was decided to present a series 
of graphs with examples of trees from the following dominance classes: 
Suppressed and subdominant 
Co-dominant 
Dominant 
With the help of the plotting facilities of the computer, 
diagrams presenting the internal structure of annual rings were 
plotted for all trees. Fig. 11 is a typical example of the basic 
tree diagrams from which information has been obtained to prepare 
subsequent diagrams. In Fig. 11 the pith of the tree is shown running 
diagonally on the left-hand side of the diagram and on the right, 
parallel to the axis of ordinates is the outer part of the tree(bark). 
The position of each annual internodal ring is represented by a 
short line and the width of the ring is represented by the length of 
this line. The three ring sequences, suggested for growth studies 
by Duff and Nolan (1953), can be seen in the tree diagram (Fig. ii) 
and are described as follows: 	- 
Ring sequence no- .1". 
All the rings on one line running parallel to the vertical axis. This 
shows the change in ring width with height for increment laid down 
in a given year. The progression in this sequence is not only longitud-
inal but it is radial also.. 
Rng  sequence no.2 
All the rings parallel to the horizontal axis. These ring sequences 
are those which are mainly used for tree growth studies. In these 
sequences the progress is radial and from one year's growth to another, 
but in the same internode e.g. see Fig.11. This is the sequence of 
rings which are measured on a section or on a core taken for instance 
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Ring sequence no.3 
All the rings in the line running parallel to the pith of the tree. 
The internodal rings which comprise any given sequence of this type 
have as a constant common element a uniform number of years separating 
them from the pith. For example all the fifth rings from pith comprise 
a no.3 sequence. Each no.3 sequence is laid down in internodes which 
are of uniform age. In these sequences the radial componenet which 
is the main characteristic of the two previous sequences has been 
eliminated. Therefore the main reason causing the characteristic 
pattern in both ring sequences no.1 and no.2 has been eliminated 
(Duff and Nolan, 1953). Ring sequences no.3 can be used as an index 
of the prevailing conditions of site and stand density in the forest 
(Richardson 1961, Duff and Nolan 1953). 
Contour Diagrams (Figs. 12 & 13 ) 
Finally an alternative' graphical method is used to present those 
results which make it easier to appreciate the differences between: 
Dominance classes and 
Treatments 
This method was also used for ring width as well as ring area. The 
method involves averages for trees of each dominance class and treat-
ment, and uses contour diagrams to portray the information given in 
Fig.11 . As in the previous diagrams the line running diagonally on 
the left hand side represents the pith and on the right hand side 
the perpendicular line represents the outer part of the tree. Inside 
the diagrams there are lires enclosing zones of the stem with a 
particular range of ring area or ring width. Each of these zones has 
been shaded using different patterns and colours. Such diagrams were 
prepared for all tree dominance classes and treatments using the 
computer plotting facilities. 
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5.3 CONTROL TREES 
The distribution of ring area as well as of ring width over 
the stem of the control trees, are presented and examined in contour 
diagrams (Figs. 12 & 13 ). References are also made to the plots for 
ring sequences no.1, no.2 and no.3 
5.3.1. Ring area distribution (Figs.1,12b,12c ) 
The diagrams of Fig. 12 represent averages for the three 
dominance classes: 
12a represents the dominant class 
12b represents the co-dominant class and, 
12c represents the suppressed and subdominant class 
Examination of the cross sectional area distribution reveals 
that during the early stage of the life of the trees (lower left 
part of the diagram) ring area increases from top to bottom in all 
the dominance classes. The rate of growth is small in the suppressed-
subdominant class, intermediate in the co-dominant one and far more 
pronounced in the dominant class. Despite this the pattern of the 
distribution is more or less the same in all classes since the trees 
were growing in the same stand and under similar soil and climatic 
conditions. 
This pattern of growth is in agreement with Pressler's growth 
law (Larson,1963) as well as with Ass nann's report (1970). Pressler's 
growth law states that area increment at a particular point of the 
stem is proportional to the amount of foliage above this point. 
Assmann reports that in Norway spruce (Picea abies) cross sectional 
increment decreases above the base of the crown. Finally the same 
pattern of ring area distribution has been reported by Satoo, 
Nakamura and Senda (Larson,1963). 
Fig. 12 
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Following thinning, trees of all classes respondedin the same 
way, that is, by an increase of ring area in the lower part of the 
stem. This can be seen in Figs. 12a, 12b, 12c . Examining this response 
in the three classes it can be said that it was small in the trees 
of the suppressed subdominant class (12c) bigger in the do-dominant 
class ( 12b), and biggest in the dominant class (12a ). For the last 
class it must be said also that the increase continued higher in the 
stem. The response of trees to the new conditions induced by thinning 
seem to have lasted less in the suppressed-subdominant class and more 
in the dominant one, with the trees of the co-dominant class showing 
an intermediate response. 
The appearance of an increase in ring area in the lower part 
of the stem, following thinning, is in agreement with Metzger's 
theory (Larson,1Q63) and Cray's theory (1956), both based on the idea 
that the stress created by the wind on the crown was propagated down-
ward and culminated in a maximum at the stem base. Hence strengthening 
of the stem, in terms of increased cross sectional area, paralleled 
the stress gradient downward in the stem. Similar reactions to 
mechanical stresses have been investigated and confirmed by Assmann, 
Siostrzonek and Zahn (Assmann,1970) in thinned stands of spruce 
(Picea abies), and Assmann concluded that: 
"reactions to mechanical stresses appear to be of such overw-
helming importance that they have a decisive influence on the develop-
ment of stem form". 
In this study the limited evidence from the sample data presented 
in the previous form suggests that changes in growth distribution 
following thinning are in agreement with the theory of the wind acting 
as one of the factors of stem form development. 
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5.3.2. Ring width distribution 
In Fig.13 the diagrams a,b and c again represent the 
average trees of the three dominance classes as they were described 
in the previous section, but this time they present the ring width 
distribution. It can be seen again that in the early stages of the 
life of trees (lower left hand part of diagrams) all the trees had 
a higher rate of growth which was probably the result of better 
growing conditions due to a lack of competition before the crown 
closure of the stand. It can also be observed that they were follow-
ing the same pattern of growth. In the examination of ring width 
distribution since references are made qpart from the contour 
diagrams to the plots for ring sequences no.1, no.2 and no.3, the 
three dominance classes are examined separately: 
Suppressed-subdominant class (Fig. 13c) 
As can be observed from a visual inspection of the diagrams of 
Fig. 13, suppressed and subdominant trees had a lower rate of growth 
than the trees of the other two classes, it can be seen in Fig. 13 
that the zone with the higher rate of growth - in terms of ring 
width - is in the lower left hand part of the diagram which in terms 
of age corresponds with the early years of the trees life. After that 
period ring width starts declining from pith outwards. Examining 
the same diagram from top to bottom we can also see the development 
of a small zone of increased ring width in the upper right hand part 
of the diagram (upper part of the tree). This was probably the result 
(Fig.14c) 
of thinning. Examination of the ring sequences no.1/reveals the 
existance of a quite definite pattern of the ring width in the long-
itudinal direction. Ring width increases from the top of the tree 
to the base of the crown then declines to the bottom of the tree. 
Fig. 13 	 60- 
RING WIDTH DISTRIBUTION OVER THE STEM 
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This declining pattern stabilizes lower with small variations. 
In the ring sequences no.1 corresponding to the years following 
thinning there is an indication of a general increase for the period 
1970-74, but what is more important is that the increment is distribu-
ted over the stem following the same pattern, with the maximum of 
the ring width appearing in the lower part of the crown. There is 
also an indication of a slight increase of ring width after 1970 
(year of thinning) in these. sequences at the bottom of the tree, a 
characteristic that was not clear in the corresponding diagram. 
In the ring sequences no.2 (radial direction) of Fig.15Q ring 
width follows also a definite pattern, the main feature of which is 
the characteristic increase and decrease of ring width from pith 
outwards. Examination of these sequences in the lower part of the 
diagram -indicates a slight tendency in the ring width to increase 
graduall'y after the year 1970, the increase being bigger in the upper 
part of the diagram. 
Finally in Fig.16c examination of the ring sequences no.3 
indicatesa slight downwards trend in ring width from the year 1958 
to 1971. Following thinning (in 1970) an upwards tendency begins 
which lasts until 1974. 
Co-dominant class (Fig. 13b) 
In this Figure the situation during the early stages of trees life - 
in terms of ring width - is similar with the one previously described 
(lower left hand part of the diagram). Later on, as canopy closes and 
competition initiates there appear zones of smaller ring width but 
they are still of a higher rate than the corresponding ones in the 
previous class. 
Following thinning there is an increase in ring width in the 
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upper part of the trees (upper right hand part of the diagram). 
Later on ring width starts declining again and a zone of smaller 
ring width appears in the middle/lower part of the stem but below 
this the previous pattern continues. The same features of ring width 
appear in the no.1 ring sequences in Fig.14b,as they were described 
in the contour diagram of this class. In the no.1 sequences a slight 
increase in ring width following thinning is also indicated at the 
bottom of the tree. In the radial direction - ring sequences no.2 -Fig,15b, 
the same pattern, as described in the previous class, repeats itself 
and following thinning there is an increase of ring width in the lower 
part of the tree as well as in the top. This time the increase is 
more pronounced than in the case of the suppressed-subdominant class. 
Finally in the ring sequences no.3, Fig.16b, the same trends as in 
the previous class appear before as well as after thinning, but the 
upwards increase after 1970 is bigger than in the suppressed-sub-
dominant class. 
Dominant class (Fig. 13a ) 
In the contour diagrams of this figure there is a repetition of the 
growth distribution in terms of ring width, as previously described, 
but the rate of growth is the biggest among the classes examined so 
far. Following thinning there appears to be a broader zone of bigger 
ring width extending downwards (upper right hand part of the diagram). 
Inside there is a small area of above 4.5 mm ring width, a characteristic 
which was absent in the previous two classes. In the ring sequences 
16(a) 
no. 1, no.2 and no. 3, Fi,s 14,15/the same situation is presented reflect- 
ing the new stand density conditions. One distinguishable characteristic 
in all the three ring sequences is the difference in ring width, as 
compared with that of the corresponding two previous classes,which 
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reflected the dominant position of the trees of this class in the 
stand. 
5.3.3, Summary 
Summarizing after the examination of growth distribu-
tion over the stem of the control trees in terms of ring area and 
ring width, using either contour diagrams and/or ring sequences 
the following points are worth noting: 
After the year of thinning there was an improvement in the 
growth conditions prevailing in the stand, due probably to lesser 
competition in combination with an increase in crown efficiency. 
This was expected since a smaller number of trees - after thinning - 
were 'haring the same amount of nutrients on the same area. 
In the contour diagrams, in terms of ring width, the response 
to thinning was reflected in the development of zones of bigger ring 
width in the upper part of the trees, as well as in a downwards extention 
of these zones towards the middle part of the stem. In terms of ring 
area these diagrams showed the response reflected with the develop-
ment of bigger ring area in the lower part of the tree stem. 
Examination of the contour diagrams and/or ring sequences 
indicated that the trees responded to thinning in accordance with 
their position in the stand canopy that is dominant trees responded 
more than the co-dominants and the liter responded more than the 
suppressed-subdominant ones. 
Ring sequences no.1 showed that the increment distribution, 
in terms of ring width, followed the same pattern from one year to 
the next in the longitudinal direction of the tree stern, with the 
maximum of the ring width always appearing in the lower part of the 
active crown. The response of thinning does not appear very clear 
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in these ring sequences although they indicated an increase of ring 
width all over the stem and a characteristic small increase in the 
bottom. 
Ring sequences no.2 followed their characteristic pattern at 
any internode over the stem and they showed a characteristic increase 
following thinning in the lower part of the stem, indicating probably 
the results of the wind action. 
In the ring sequences no.3 the slighL decline in the growth 
conditions of the stand is indicated as a slight downward trend in 
the lines froffi 1958 to 1970. Despite small random yearly variations 
the general trends of these sequences is the same in all the tree 
classes. Following thinning there appears a slight upwards trend 
in the lines of the diagram of these sequences, probably denoting 
the improvement in site and density conditions (Duff and Nolan, 
1953, Richardson, 1961). 
Close examination of the diagrams of ring sequences no.1 
and no.2 reveals that the response to thinning started after 1-2 
years and lasted almost 4 years. 
As it is indicated from the diagrams of ring sequences 
no.1 and no.2, a definite pattern exists in the ring width increment 
and distribution over the stem of Sitka spruce trees. 
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5 • 4• FERTILISED TREES 




Both these treatments might probably change the environmental conditions 
prevailing in the stand and thus affect the growth of the trees, by 
influencing their physiological activities. Hence having already 
examined the results of thinning, any differences between the previous-
ly examined gtoup of thinned trees (control), and the group of trees 
of this paragraph (fertilized+thinned) must be attributed to fertiliz-
ation. The same methods that were applied for the examination of ring 
width and ring area over the stem of the control trees, are applied 
correspondingly for the fertilized trees. 
5.4.1. 	Ring area distribution, Figs. 12d,12e,12f 
The diagrams d,e and f of Fig.12 represent averages for 
the three dominance classes: 
12d : represents the dominant class 
12e : represents the co-dominant class 
121' : represents the suppressed-subdominant class 
Examination of the ring area in the three contour diagrams 
reveals the existance of the same features in the pattern of develop-
ment as in the corresponding case of the control trees during the 
early stage of life of the trees. 
The situation changes after fertilization. Examining the diagrams 
from top to bottom we can see, that,following fertilization ring area 
starts increasing, reaches a maximum then continues at this level 
through the rest of the stem more or less constantly with a secondary 
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increase in the bottom, characteristic of the trees of co-dominant 
and suppressed-subdominant classes. Comparison of the diagrams pf 
the three classes reveals that the increased ring area more or less 
followed the same distribution over the stem of the co-dominant, 
Fig.12e, and suppressed-subdominant trees, Fig.12f, in the sense 
that some years later it started declining over the biggest part 
of the Stem, apart from the bottom where it continued following the 
previous increased pattern. The trees of the dominant class showed 
the greater response as compared with the trees of the other two 
classes. This response ws distributed all over the stem and continued 
without any declining pattern. The characteristic feature of Fig.12d 
is the big zone of the increased ring area. Tn terms of rate of 
growth among the three classes, suppressed and subdominant class had 
the smaller, co-dominant class had an intermediate, and dominant class 
had the bigger rate of growth. 
Finally, comparison of the diagrams of the control (thinned) 
trees, Figs.12a,12b,12c with the corresponding ones of the fertilized 
(thinned) trees, Figs.12d,12e,12f indicates that the fertilized trees 
followed a different pattern of growth distribution, in terms of ring 
area. Ring area, following fertilization increased all over the tree 
stem in all dominance classes, while in the case of the control trees 
ring area increase only at the bottom of the trees. 
5.4.2. Ring width distribution, Figs. 13d,13e,13f 
In Fig. 13 	 are presented average tree diagrams 
showing the ring width distribution over the stem of the three 
dominance classes: 
13d : represents the dominant class 
13e : represents the co-dominant class 
13f : represents the suppressed-subdominant class 
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Since during the examination of ring width distribution over 
the tree stem, references, apart from the contour diagrams, are made 
to diagrams of ring sequences no.1, no.2 and no.3, the three dominance 
classes are examined separately. 
Suppressed and subdominant class Fig.3f 
The trees of this class had a lower rate of growth since early years 
of their life, in comparison with the trees of the two other classes, 
in terms of ring width. Starting the examination of the internal 
structure of the average tree again, after the initial phase growth 
seem to be declining in the lower part of the tree stem and this is 
reflected in the minimization of ring width in the area of the central-
bottom part of the stem. Ring width continuous to be bigger in the 
upper part of the stem. 
The situation changes following fertilization and zones of 
bigger ring width extend further down in the tree stem as it is 
indicated in the diagram 	of Fig.13 . Smaller zones of bigger ring 
width are also developed in the upper part of the tree which is 
covered by the active crown. The same situation appears in the 
diagrams of no.1 as well as no.2 ring sequences, Figs.17c and 18c 
correspondingly. Examination of the ring sequences no-3 in Fig. 19c 
indicates a characteristic upwards trend after the year that fertiliz-
ers were applied, which is more pronounced than in the corresponding 
case of the control class (Fig.16c) 
Co-dominant class, Fig.13e 
In this diagram the internal structure of the tree, up to the year 
that fertilizers were applied, seems to have more or less the same 
prevailing pattern as the corresponding control trees. This pattern 
changes following fertilization with the appearance of zones of 
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bigger ring width in the upper portion of the stern.These zones of 
bigger ring width extend further down the tree stem in the case of 
the fertilized tree diagram as compared with the corresponding control. 
The rate of growth compared with that of the corresponding previous 
fertilized class seem to be higher. 
The same situation is indicated in the ring sequences no.1 as 
well as in no.2 (Figs 17b, lOb ) correspondingly. In the longitudinal 
direction ring sequences nol following fertilization ring width is 
bigger and with a more pronounced maximum as compared with the cur-
responding case of the controls. In the radial direction ring 
sequences no.2 after fertilization there follows a sharper increase 
in ring width as compared with the corresponding class of the controls. 
Finally in the ring sequences no.3 Fig.igb the general upwards trend 
is far more pronounced than in the corresponding case of the control 
class. 
Dominant class, Fig. 13d 
Comparison of this contour diagram with the corresponding one of the 
control class indicates again, similarities up to the year of. fertiliz-
ation. Later, following fertilization the widest zone of increased 
ring width among the cases examined so far, control and fertilized, 
appears in the upper part of the tree diagram. Also, zones of increased 
ring width extend further down the tree stem and generally the higher 
rate of growth is apparent as compared with that in the control class. 
In Figs. 17a, iSa the ring sequnces no.i and no.2 show in 
details the response to fertilization. In Fig.19a the upwards trend in 
the ring sequences no.3 is the sharpest so far. The duration of the 
response as well as its size, in terms of ring width, is also apparent 
in the same Figure. 
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5.4.3. Summary 
Summarizing the response of the trees to fertilization, 
in either terms of ring width or ring area, the following points are 
worth noting: 
Following fertilization the improved photosynthetic status 
of the trees, clue to increase in leaf area and/or increased., photo-
synthetic efficiency, provided conditions enabling the cambium to 
form cells of probably larger size, which were reflected to an 
increase in ring width. 
As it appears from the contour diagrams, Figs. 12 and 13 
fertilization increased growth all over the stem (in terms of ring 
area) in the trees of all classes. 
In terms of ring width distribution, contour diagrams revealed 
that following fertilization the main feature of the growth pattern 
was the development of bigger ring width in the upper part of the 
tree extending downwards in the part of the stem covered by the crown. 
In the longitudinal direction (ring sequences no.1) Figs.14 & 17 
ring width appears to follow the same pattern repeated year after 
year. The maximum of ring width of the recent yecrs (1968-1978) 
appears to be always in the lower part of the crown of the trees 
(Farrar, 	1961). This maximum, following fertilization is more 
pronounced in the fertilized than in the control trees After maximiz- 
ation, ring width starts decreasing gradually and in-the: case of 
fertilized trees seem to stabilize lower in the stem than in the 
case of the control trees. Finally after stabilization, the ring 
width in the lower part of the stem seem to be subjected to small 
random variations and there is evidence of a second increase at 
the bottom of the stem. This latter increase is probably a result 
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of the development of mechanical tensions in this part of the 
stem caused by the increasing size of the tree. 
In the radial direction (ring sequences no.2) Figs. 15 and 18 
the ring width follows a standard pattern similar to the one already 
described in the case of the control trees. After 1970 there appears 
to be a second increase in the ring width which lasts for about 3-4 
years and is followed by a decrease. This increase appears in all 
the tree categories and is more pronounced in those trees in the 
upper part of the canopy. The maximum ring width appears in the 
third to fourth year following fertilization and is characteristical-
ly bigger than in the case of the control trees. After that ring 
width starts declining. 
In the ring sequences no.3,Figs.16 and lgthe prevailing 
conditions in the stand are reflected clearly (Duff and Nolan,1953). 
Hence from 1960 onwards there is a slight decline in these ring 
sequences denoting a decline in the growth conditions in the stand; 
probably caused by a decrease in the existing amount of nutrients. 
This decline of ring width in these sequences can be seen in both 
control and fertilized trees from 1960-1970 since all the trees were 
growing in the same stand and therefore were subjected to the same 
general prevailing conditions of the site. After fertilization (in 
1970) the upwards trend in these ring sequences denotes the response 
of the trees in the improved site conditions caused by the increased 
amount of nutrients provided by fertilization. This 'time the rate of 
increase in terms of ring width of the fertilized trees is far beyond 
the corresponding control trees. 
The duration of the response to fertilization, as it is 
indicated from examination of ring sequences no.2 and no.3, ring 
sequences, seems to be 3-4 years. 
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8. Trees responded to fertilization in accordance with their 
position in the stand canopy, that is, the dominant trees responded 
more than the co-dominants and the later more than the suppressed-
subdominant trees. 
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CHAPTER 6 EXAMINATION OF THE RESPONSES OF CROSS—SECTIONAL AREA, 
HEIGHT AND FORM FACTOR AS RELATED TO FERTILIZATION 
6.1 
INTRODUCTION 
In the previous chapter we have already examined the effects of 
fertilization in terms of the internal pattern of increment. In the  
following paragraphs the insight gained from that analysis will help to 
establish sound criteria for the examination and estimation of tree 
responses in terms of directly measurable dimensions, such as basal 
area, cross sectional area at half of total height, total height, and 
indirectly in terms of volume. The response of form factor to fertili-
zation will also be considered here, but the effect of fertilization on 
the external shape of the trees will be examined in the next chapter. 
The response of the trees will be examined for a specified period 
of five years, i.e. 1970-75, since this was the period between two 
successive thinning operations carried out in the experimental area, 
during which trees were allowed to grow without any disturbance. The 
response will be examined in terms of: 
Overall effects at the and of the above specified period 
(i.e. 1975) 
Increment during the under examination period (i.e. 
(1970-75) 
and will be accompanied by statistical tests and regression analyses. 
Development of the response over time will also be examined here 
as well as the response of trees belonging to different dominance 
classes. Finally the response of volume/ha is examined in this chapter 
using different methods. 
The following formulae were applied for the expression of the 
response in percent terms: 
1. % overall response in 1975 a  100 x (IF - Tc) / Tc where 
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the value of the fertilized variable in 1975 s and 
TC - the value of the control variable in 1975. 
2. % response in increment 	100 x (FINC - CINC) / CINC 
where FINC fertilized increment during 1970-75 
and CINC control increment during 1970-75. 
The OBH frequency distribution of the sampled trees as well as of 
all the trees in the sampled plots for 1971 and 1975 is given in 
Appendix 2 • The statistical analysis of the results was carried out 
using the SPSS package (ERCC). 
6 .2 
CROSS SECTIONAL AREA RESPONSES RELATED TO FERTILIZATION : 
BASAL AREA AND CROSS SECTIONAL AREA AT HALF 01 TOTAL HEIGHT 
In different ailvicultural practices such 88 thinning or fertili-
zation, the goal is to introduce a more favourable environment for the 
trees to grow. Previous research has found that such treatments may be 
beneficial., in some cases but not in others. This difference is difficult 
to explain (Brix, 1976). 
Working with different forest species several investigators re-
ported increases in terms of OBH or BA growth in response to application 
of varying amounts of different fertilizers or combinations of them. 
Binns and Grayson (1967) referring to early fertilization experiments 
in Britain cited responses of 10 per cent in BA increment in mature Scots 
pine over a three year period following N fertilization and increases 
of 19 per cent in BA following the application of.N plus P fertiliza-
tion. From another experiment - again of mature Scots pine - they 
cited responses of 37 per cent in terms of BA increment following N 
fertilization over a three year period. For pole stage crops of Scots 
pine they also cited responses of 12 per cent in BA increment over a 
seven year period following N fertilization and 19 per cent following 
P fertilization. Brix and Ebel (1969) found that BA Increased by 60 
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per cent in a pole stage Douglas fir stand over a three year period 
following N fertilization. Windsor and Raines (1973) found statiati-
cal]y significant differences in BA increment working with pole stage 
loblolly pine over a six year period following NP fertilization, miller 
and Cooper (1973) working with pole stage Corsican pine in an N ferti-
lization experiment over a seven year period found that "Response in 
terms of BA appeared in the year after the first application but was 
not accompanied by any changes in the pattern of growth throughout the 
season". They also reported that smallest tress showed a reduced 
response to the lower rates of fertilizer application. Finally, Whyte 
and Mead (1977) working with radiate pine in an NP fertilization ex-
periment found a response of 12 per cent in BA over a five year period. 
From all the, above reports it is evident that fertilization can 
increase BA in different species and under certain conditions. 
In this study having carried out stem analysis of the forty 
control and forty fertilized trees it was easy to calculate the under 
bark BA increment year by year( using the formula GTfctand the diameter 
4 
measurements described in chapter 3. However, before presenting the 
results following fertilization it was considered useful to present the 
BA of the sampled trees at the beginning of the experiment (1970) (Table ) 
TABLE 6 
STATISTICS OF BASAL AREA AT THE BEGINNING OF THE PERIOD (1970) 
Number Treatment Year Mean BA Standard Variance Standard Range 
of trees 	 (m2 ) 	Deviation 	 Error 
40 	Control 	1970 0.0140 	0.0051 	0.000025 0.00080 	0.020 
40 Fertilized 1970 0.0141 0.0043 0 9000016 0.00067 0.016 
The entries of the above table indicate that control and fertili-
zed trees initially had almost equal mean BA. Statistical analysis did 
not show any statistically significant difference between BA of the 
treated and control trees (p<0.05), but showed differences between 
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blacks (Tablel , Appendix 3 ). 
EXAMINATION OF THE OVERALL EFFECTS IN BA 
Five years later following fertilization, the situation changed 
and the corresponding statistics of BA are presented in Table?. 
TABLE 7 
STATISTICS OF BASAL AREA AT THE END OF THE PERIOD (1975) 
Number Treatment Year Mean BA Standard Variance Standard Range 
of trees 	 (m2 ) 	Deviation 	 Error 
40 	Control 	1975 0.0174 	0.0071 	0.000049 0.0011 	0.025 
40 	Fertilized 1975 0.0194 0.0062 0.000036 0.00098 0.025 
The results of the above table indicate that at the and of the five 
year period there was a bigger increase in the mean BA of the fertilized 
trees which showed a response 0.002m2  or 11.5% if expressed in per cent 
terms of the mean BA of the control trees in 1975. In order to examine 
*ether these differences were statistically significant or not, two- 
way analysis of variance was used (Table 2, Appendix 3 ). The results of 
this analysis showed that these differences were not statistically 
significant (p(0.05). The same analysis showed that the differences 
between blocks were significant (p(0.05). We have already seen that 
such differences existed at the beginning of the experiment and probably 
they were the reason for non-existance of significant differences bet-. 
aen treated and untreated trees, since they might be transferred and 
therefore contributed to the variability between blocks in 1975. This 
led to examination of BA differences in 1975 using analysis of co-
variance. The most suitable covariate to be used for this purpose was 
considered to be the initial BA (BA in 1970). The results (Table 3, 
significant 
Appendix 3 ) showed this time that there were highly / differences in 
BA of 1975 between treated and untreated trees (p <0.01) and also there 
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appeared to be no differences between blocks. 
EXAMINATION OF BA INCREMENT DURING 1970-75 
Next it was decided to examine the response in terms of BA incre-
ment between control and fertilized trees during the period 1970-75. 
BA increment during this period was 0.0034 m2 for the control and 
0,0053 m2 for the fertilized trees (Tables 8aand b ), and therefore 
giving a response of 0.0019 fl2, or if expressed in per cent terms 
almost 56% over the control increment during the same period. Analysis 
of variance of BA increment showed immediately (Table 4 , Appendix 3 ) 
that there was enough evidence to accept that the differences betWeen 
treated and untreated trees were SS (p<0.01) while at the same time there 
were no SS differences between blocks. These results were pointing to 
the direction that increment is a more sensitive variable to be used in 
such cases for the estimation of responses. 
EFFECT OF DOMINANCE CLASS 
In cases of application of different silvicultural treatments it 
is desirable to know the response of trees belonging to different 
dominance classes, since different patterns of response of trees of these 
classes might have repurcussions in terms of shading and suppression, 
and therefore might necessitate changes in the policy of thinninga 
(Miller and Cooper, 1973). In the next table is presented the mean BA 
increment, as well as its response in the three dominance classes as 
they were defined in Chapter 2. 
TABLE B 
MEAN BA INCREMENT AND RESPONSE OF TREES BELONGING TO THE THREE 
DOMINANCE CLASSES DURING 1970-75 (in m2 ) 
(a) 	CONTROL TREES (n.'40) 
Year Mean BA of the Mean BA of the Mean BA of the 
auppr. and subdom. 	codominant trees dominant trees 
trees (n12) (n14) (n14) 
1970 0.0100 0.0123 0 1 0191 
1975 0.0118 0.0153 0.0242 
Increment 0.0018 0.0030 0.0030 
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(b) 	FERTILIZED TREES (n40) 
Year 	Mean BA of the 	Mean BA of the 	Mean BA of the 
suppr. and subdom. 	codominant trees dominant trees 
trees (n12) 	 (n14) 	 (n14) 
1970 	0.0097 	 0.0146 	 0.0171 
1975 0.0125 0.0191 0.0245 
Increment 0.0028 	 0.0045 	 0.0074 
Dominance Class 	Suppr.—subdominant 	Co—dominant 	Dominant 
Response 	 0.0028-0.0018 	0.0045-0.0030 0.0074-0.0051 
0.0010 	 - 0.0015 	- 0.0023 
The results of the above table showed that dominant trees were 
responding more to fertilization than the co—dominants and the latter 
more than the suppr.—subdominant trees. Similar results in the same 
sequence of reponse of dominance classes have been reported by Windsor 
and Raines (1973). It seems apparent that trees assuming higher posi-
tions up in the canopy under competition, such as trees of dominant and 
—dominant classes, are more efficient in using the nutrients provided 
by fertilization. 
BASAL AREA INCREMENT AND RESPONSE DEVELOPMENT DURING 1970-75 
Another desirable result in an analysis of the responses of trees 
to fertilization would be the development of the response in the years 
following fertilization to find the duration of the response as well as 
the year of maximum response. In Fig.20 is presented the mean BA deve-
lopment in terms of BA increment during 1965-75. In this figure it can 
be seen that bath groups of trees had the same trend in BA development 
taring 1965-70. Following fertilization in 1970 the two BA increment 
lines assume different trends. 
In Table 9 as well as in Fig.21 is presented the development 
of the response of mean BA increment for each of the first five 
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From the results of the above table as well as from Fig.21 we can 
see that the maximum mean BA increment response to fertilization occur-
red during the äecond year after fertilisers were applied. In the third 
year the response started declining and finally in 1975 - five years 
since fertilization - the response reached a level well below that for 
the first year. The results of the above table also indicate that the 
response to fertilization started in the year of application, since 
both control and fertilized trees had almost equal mean BA (Table 6 ). 
Similar results as far as the appearance of response during the year of 
application of fertilizers have been reported by White (1956). 
EXAMINATION OF CROSS—SECTIONAL AREA INCREMENT AT HALF OF TOTAL HEIGHT 
POSITION 
For comparison with the above the increment response of cross—
sectional area at half total height was analysed. From the stem analysis 
data the cross—sectional areas of the 40 control and 40 fertilized trees 
at half of total height were obtained for the years 1970 and 1975 using 
linear interpolation. Linear interpolation was considered adequate 
since the original diameter measurements had been taken on discs 
cut at each mid—internodal position. 
In the next tables are presented the statistics of the cross—
sectional area (CSA) at half of total height position for the years 
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19713 and 1975. 
TABLE 10 
STATISTICS OF CROSS-SECTIONAL AREA AT HALF TOTAL HEIGHT POSITION 
Year Number 
trees of 
Treatment mean CSA m2 Staodard Variance Standard devxaton error 
1970 40 Control 0.00587 0.00228 0.0000052 0.000360 
1970 40 Fertilized 0.00595 0.00185 0.0000034 0.000292 
1975 40 Control 0.00776 0.00306 0.0000094 0.000484 
1975 40 Fertilized 0.00925 0.00332 0.0000110 0.000525 
The entries of the above table showed that in the beginning of the 
experiment both treated and untreated trees had almost equal cross-
sectional areas. At the end of th, five year period (1975) fertilized 
trees were benefited more than the controls by 0.00925-0.007760.00149m 
The cross-sectional area increment of the control during 1970-1975 was 
0.00776-0.00587-0.00189 m2 , while that of the fertilized trees was 
0.00925-0.00595-0.00330 m2 and thus giving a response of 0.00330- 
0.00189=0.00141 m2 in terms of cross-sectional area increment during 
1970-75 or 74% over the control increment during the same period. The 
corresponding response of basal area increment was 0.00190 m2 or 56%. 
Statistical analysis of cross-sectional, area increment (Table 5 
Appendix 3 ) showed that the differences between treated and untreated 
were statistically significant (p <0.01 ) and therefore contributing to 
the fact that cross-sectional area increment responses were taking place 
not only at breast height but also higher up the stem. This was in 
accordance with the results of the analysis of the Internal pattern of 
growth in the tree diagrams (chapter 5 , para.4.2). 
EXAMINATION OF THE RELATIONSHIP BETWEEN INITIAL (1970) BA 
AND FINAL (1975) BA 
What remained after the previous analyses was the examination of 
the relationship between initial BA and BA increment. This would enable 
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to see whether trees increased in accordance with their initial BA. 
Regression analysis was used for this purpose, one for the control and 
one for the fertilized trees. The dependent variable used was BA incre-
ment during 1970-75 and as independent variable was used the initial BA. 
The results of this analysis (Tables 6,7Appendix 3 ) showed that in both 
cases there was a close relationship between BA increment and initial BA. 
The regression coefficient of the fertilized trees was greater than that 
of the control ones indicating the improvement in the increment induced 
by fertilization. The smaller correlation coefficient in the case of 
fertilized trees might be attributed to the variability within the site 
which was confrnihded by fertilization and/or probably to inherited genetic 
characteristics of the individual trees in the stand. 
SUMMARY 
Summarizing the foregoing analyses the following conclusions may 
by drawn: 
BA was increased following fertilization and the increase 
started at the year that fertilizers were applied. 
Themaximum of the response occurred at the second year 
since fertilizers were applied, and in the fifth year the 
response was below that for the first year. 
Dominant trees responded more than co—dominants endthg 
latter more than the subdominants. 
The response in BA increment was statistically significant 
at pU3.01. 
From the statistical analysis of the results is indicated 
that in cases where different treatments are compared, the 
increment during the under examination period is more 
sensitive variable to be examined than cumulated variables 
(e.g. BA in 1975), at the and of the period. 
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Another way that helped to unmask the response of BA 
at the end of the under examination period was analysis of 
covariance using as a covariata the initial BA of the 
trees. 
When the response was examined at the end of the 
examination period itwa found k only 11.5% of the 
control mean BA in 1975, but when BA increment was examined 
for the 1970-75 period the response was estimated as 
56% of the corresponding mean control BA increment. 
B. Finally, examination area increment at half of total 
height revealed statistically significant differences 
(p4(0.O1) between control and fertilized trees and 
therefore pointing to the direction that trees were res- 
ponding to the treatment not only at the brea8t height 
position but also higher up the stem. 
5.3 
HEIGHT RESPONSES RELATED TO FERTILIZATION 
After the examination of the responses of BA and cross—sectional 
area at half total height, the next variable to be examined was the total 
height of the trees. Total height was defined in chapter 2 as the 
distance between the top and the position where a tree was cut. 
There is evidence from other fertilization experiments that height 
responds to fertilization, but in some cases it doss not. Brix (1976) 
reported responses in height in a thinning—fertilization (N) experiment 
of a 24—year old Douglas fir stand. Brix and Ebell (1969) reported also 
responses in height in a 20—year old Douglas fir stand following N 
fertilization. Heiberg, Madguick and Leaf (1964) reported responses 
in height growth following K fertilization of a 30 to 35—year old red 
pine plantation. Woolona and Will (1975) reported no responses of 
height in a N fertilization experiment of naturally regenerated 13—year 
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old radiate pine stand. As far as Sitka spruce is concerned, responses 
of height have been reported following PK fertilization of stands in 
pre-canopy closure stage of development (MacIntosh, 1978). Also resp-
onses in height of 5-year old Sitka spruce have been reported by Farrell 
and PicAleese (1972) following NP fertilization. In this study all the 
trees sampled had been measured for total height as well as for annual 
height increment (Chapter 3). After that it was easy to follow the 
height development of these trees. In the next Table the situation 
prevailing at the beginning of the experiment (1970) is presented for 
the control and fertilized trees. 
TABLE 11 
STATISTICS OF TOTAL HEIGHT AT THE BEGINNING OF THE EXPERIMENT 
(1970) 
Number 	Treatment P1en Height Standard Variance Standard Range 
of trees(n) im) 	Deviation 	 Error 
40 	 Control 	12.00 	1.44 	2.08 	0.228 	4.90 
40 	 Fertilized 	11.99 	1.43 	2.05 	0.227 	6.30 
From the entries of the above table it appears that both control 
and fertilized trees had almost equal mean total height initially. 
EXAMINATION OF THE FERTILIZATION EFFECTS IN TOTAL HEIGHT (TH) 
Five years later, following fertilization the situation changed and 
is presented in the next table. 
TABLE 12 
STATISTICS OF TOTAL HEIGHT AT THE END OF THE EXAMINED PERIOD (1975) 
Number of Treatment Mean Height Standard Variance Standard Range 
trees (n) 	 (m) 	Deviation 	 Error 
40 	 Control 	14.01 	1.62 	2.64 	0.257 	6.00 
40 	Fertilized 	14.86 	1,48 	2.21 	0,235 	5.90 
The entries of the above table indicated that fertilized trees 
achieved better growth and therefore giving a response of 2.87-2,01 
- 0.86m in terms of mean height increment during the five year period, 
or almost 43% of the control increment during 1970-75. In order to 
examine whether these differences might be attributed to fertilization 
analysis of variance was applied to the data. The results of this 
analysis (Table 8 , Appendix 3 ) indicated that there were statistically 
significant differences between treatments as well as between blocks. 
At this stage a decision was made to remove variation in height by using 
analysis of covariance and using as covariate the initial height of the 
trees (TH in 1970), This time the results (Table 9 , Appendix 3 ) 
indicated highly significant differences (pKo.oi), between Control and 
fertilized trees. Therefore fertilization had a significant effect in 
terms of total height at the and of the examined period (1975). 
EFFECT OF DOMINANCE CLASS 
The situation terms of TH increment during 1970-75 in the three 
dominance classes of the control and fertilized trees is presented in 
the Tables 13 and 14 below. 
TABLE 	13 
MEAN HEIGHT INCREMENT OF THE THREE DOMINANCE CLASSES DURING 1970-75 (CONTROL TREES) 
Year Suppr s-Subdominant Co-dominant Dominant Class Class (n-12) Class (n-14) (nr14) 
Total Height (in) Total Height(m) Total Height (m) 
1975 12.80 13.89 15.20 
1970 11.00 11.96 12.69 
Mean Height 
Increment 1.80 1.93 2.51 
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MEAN HEIGHT INCREMENT OF THE THREE DOMINANCE CLASSES DURING 1970-75 
(FERTILIZED TREES) 
Year 	 Suppr.-Subdominant 	Co-dominant 	Dominant Class 
Class (nci12) 	 Class (n-il) (n-i?) 
Total Height (in) 	Total Height (m) Total Height (m) 
1975 	 13.40 	 15.32 	 15.54 
1970 	 10.85 	 12.37 	 12.55 
Mean Height 
	
2.55 	 2.95 	 2.99 
Increment 
Comparison of the control and fertilized height increment in the 
above two Tables revealed that fertilized trees had bigger height incre-
ment than the control ones. Comparison of height increment between the 
three dominance classes per treatment indicated that: 
In the case of the control trees the dominant ones had 
the biggest height increment with the suppr.-eubdominants 
having the smallest, while the co-dominant ones achieved an 
intermediate height increment. 
In the case of the fertilized trees the situation was the 
same but with the co-dominant trees showing similar increment 
to the dominants. 
The analysis of height increment response - defined as height 
increment of the fertilized minus the height increment of the 
controls - during the same period is presented in the next Table. 
TABLE 15 
HEIGHT INCREMENT RESPONSE TO FERTILIZATION DURING 1970-75 
OF THE THREE DOMINANCE CLASSES 
Treatment 	Suppr .-Subdominant 	Co-dominant 	Dominant 
Class Increment m Class Incrementm Class Incrementin 
Fertilized 	2.55 	 2.96 	 2.99 
Control 	 1.80 	 1.93 	 2.51 
Response 	0.75 	 1.02 	 0.48 
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This time the results indicated that co-dominant trees responded 
better to fertilization and also that dominant trees showed the 
smallest response. 
HEIGHT INCREMENT AND RESPONSE DEVELOPMENT DURING 1970-75 
Height increment during 1965-75 is presented in Fig. 22 • In this 
figure it can be seen that both groups of trees had the same trend in 
total height development during 1965-70. Following fertilization in 
1970 the two height increment lines assume different trends. In Fig. 23 
is presented the height increment development of the three dominance 
classes during 1970-75. In all cases the lines representing the ferti-
lized classes during 1971-72 - the second year following fertilization - 
assume different trends. Finally in Fig.24 is presented the development 
of mean height response during the first five years following fertili-
zation. In this figure it is indicated that fertilized trees achieved 
the biggest response during the second year following fertilization. 
After that year the response started declining and finally in the fifth 
year reached a level below that for the first year. 
EXAMINATION OF THE RELATIONSHIP BETWEEN HEIGHT IN 1970 AND HEIGHT IN 1975 
Examination of the relationship between the heights at the beginn-
ing and at the and of the under examination period using regression 
analysis was applied to the data. In both cases (control and fertilized) 
the correlation coefficient was high (0.94; Tables 10 and 11 , Appendix 3), 
and therefore proving the closeness of this relationship. 
DISCUSSION 
Height response is probably more complex than diameter response. 
We have seen in Figs. 22 and 23 that height development of the fertilized 
trees during the year of treatment was very slightly apart from that of 
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second year onwards the response is characteristic (Fig. 23). This 
delay in height response is probably due to the fact that height growth 
must be divided and examined into two years because in each of these 
years influence could be exerted on a different phase of height growth. 
Height development of a tree is formed in two phases (Duff and 
Nolan, 1953). The first phase takes place in one year during which the 
terminal bud is formed, and the second phase occurs in the following 
year when the bud elongates. Both phases are influenced by external 
conditions. Therefore during the year of fertilization the favourable 
conditions induced by the treatment added to formation of better organ 
primordia in the terminal bud which probably contributed to the better 
response in the following year (second since fertilization). Similar 
responses to fertilization with the maximum of the response taking place 
at the second year since the treatment have been reported by Brix and 
ell (1969). The pattern of the development of the height response was 
similar with that of basal area, that is both maximized at the second 
year and after that both started declining, but the per cent increase in 
response of basal area was higher than that of height (56% for basal 
area increment and 43% for height increment) indicating that probably 
height responses were not as large as basal area responses. 
Another interesting feature in the analysis of height responses 
was that of co—dominant trees responding more to treatment than the 
dominant ones and the latter less than the subdominant ones. This was 
cite opposite with the responses of basal area. Similar responses of 
height to fertilization have been reported by Miller and Cooper (1973). 
SUMMARY 
Summarizing the responses of height to fertilization the follow-
ing are worth noting: 
1. The height of trees increased following fertilization. 
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The maximum of the response occurred in the second year 
following fertilization. 
After the second year the response started declining and 
in the fifth year reached a level below that of the first. 
Trees of the co-dominant class responded more to the treat-
ment than the ones of the dominant class. The trees of the 
aupr.-subdominant class showed an intermediate response. 
The differences in height between control and fertilized 
trees in the and of the under examination period were stat-
istically significant (pO,OO1). 
64 The pattern of the development of the height response was 
similar with that of basal area but smaller in per cent 
terms. 
7. Regression analysis showed a very close relationship between 
the heights at the beginning of the experiment (1970), and 
the heights at the end of the five year period (1975). 
6.4 
FORM FACTOR RESPONSES RELATED TO FERTILIZATION 
The form factor of a tree is the amount by which the volume of a 
cylinder of identical basal area and height has to be multiplied to give 
the actual volume of a tree. Therefore form factor is calculated by the 
formula ( 13) below: 
V 	( 13 ) 
GxH 
Where F is the form factor, V is the actual volume of the tree, 
6 is the basal area and H is the total height of the tree. 
There have been previous reports of changes in F following the 
application of fertilizers (Woolons and Will, 1975; Whyte and Mead, 
1977). There have been also reports of F remaining unaltered with 
slight changes in the taper of the trees (Miller and Cooper, 1973). 
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Finally, Mitchell and Kellog (1972) suggested that volume responses to 
fertilization in dominant trees from breast height measurements should 
possibly be approached with caution. So far there have not been any 
reports about changes in Sitka spruce, following the application of 
fertilizers. 
In this study the volume of the trees sampled was estimated as it 
is described in paragraph 6 • 5 Having estimated the volumes of the 
trees as well as having their basal areas and heights (para. 3.6, 3.3 ) 
it was easy to estimate the form factors by applying formula (131 Form 
factor was estimated for all trees, for each year from 1970-75. In the 
next table are presented statistics of FFin 1970, the year that fertilisers 
were applied. 
TABLE 16 
STATISTICS OF FORM FACTOR AT THE BEGINNING OF THE 
EXPERIMENT (1970) 
Number 	Treatment Mean Form Standard Variance 	Standard 	Range 
of trees factor Deviation Error 
40 	Control 0.480 0.0397 0.00157 	.0.0063 	0.193 
40 	Fertilized 0.468 0.0393 0.00154 	0.0062 	0.169 
The above results indicate that the mean form factor of the fertilized 
trees was lower than the corresponding of the control trees at the 
year of treatment. The difference was 0.480-0.468 0.012 or 2.5% of 
the mean control form factor for that year. 
Five years following fertilization the situation changed into the 
one presented in Table 17. 
TABLE 17 
STATISTICS OF FORM FACTOR AT THE END OF THE UNDER EXAMINATION 
PERIOD (1975) 
Number 	Treatment Mean Form Standard Variance 	Standard 	Range 
of trees factor Deviation Error 
40 	Control 0.483 0.0348 0.00121 	0.00550 	0.163 
40 Fertilized 0.484 0.0353 0.00125 0.00558 0.122 
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The entries of the above table indicate that during the, five year 
period the mean form factor of the fertilized trees reached the corres-
ponding of the control trees, which during the same period remained 
almost unaltered. 
EXAMINATION OF FORM FACTOR CHANGE DEVELOPMENT DURING 1970-75 
The development of form factor change in both groups of trees 
during the under examination period is presented in Figs. 25 and 26. 
In the first figure in order to have a connection with the previous 
situation in the stand, five years before fertilization, the mean form 
factors for 1965 were estimated and added. In Fig.26 it can be seen 
that the mean form factor of the fertilized trees started increasing in 
the. same year following the application of fertilizers (1970). , This 
increase continued up to the fourth year. Finally during 1975 the 
increase dropped, so that both groups of trees had the same mean form 
factor. tiuring the same period the form factor of the control trees 
underwent only minor' changes. This change in the form factor of the 
fertilized trees could be considered as the result of, the changes in the 
basal area, height and volume of ,the trees. 
We have already seen that at the beginning of the experiment there 
was a difference of 2.5% between the mean form factors of the control and 
fertilized trees. We have also seen that in. 1975 - five years following 
fertilization - both groups of trees had the same mean form factor. 
Because of that it was decided to test the change in form factor for the 
control and fertilized trees for the period 1970-75. For this purpose 
analysis of variance was applied. The result of this analysis (Table 12, 
Appendix 3 ) revealed that there was a statistically significant 
difference at p40.01. In order to examine if there were similar trends 
in form factor change during the five year period before fertilization 
(i.e. 1965-1970), form factors, were estimated for both tree groups in 
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- 103 - 
1965 and the change in form factors was derived easy since form factors 
for 1970 had already been estimated. Analysis of variance was applied 
again and the results (Table 13 , Appendix 3) indicated that there 
were no differences in form factor change during 1965-70 for the control 
and fertilized trees respectively, and therefore adding to the previous 
fact that the change in form factor would be attributed to fertilization. 
EFFECT OF DOMINANCE CLASS 
In the next two tables as well as in Figs.27 and 28 is presented 
the development of form factor change in the three dominance classes. 
MEAN FORM FACTOR CHANGE OF THE THREE DOMINANCE CLASSES 
DURING 1970-75 (CONTROL TREES) 
Year 	 Supr.—Subdominant 	Co—dominant 	Dominant 
Class (n'12) 	 Class (n'14) Class (n'.14) 
1975 	 0.490 	 0.493 	 0.466 
1970 	 0.491 	 0.488 	 0.463 
Form Factor 
change 	 - 0.001 	 0.005 	 0.003 
TABLE 19 
MEAN FORM FACTOR CHANGE OF THE THREE DOMINANCE CLASSES 
DURING 1970-75 (FERTILIZED TREES) 
Year 	 Supr.—Subdominant 	Co—dominant 	Dominant 
Class (n12) 	 Class (n11) Class (n17) 
1975 	 0.491 	 0.479 	 0.481 
1970 0.488 0.471 0.452 
Form Factor 
	
0.003 	 0.008 	 0.029 change 
The entries of the above tables as well as the figures indicate 
the following: 
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the smaller form factor, the co—dominant ones were in the 
middle and the supr.—subdominants had the biggest. In 1975 
the situation was the same though trees of the co—dominant 
class were very slightly improving their form factor. The 
changes of all classes were of minor importance. 
2. Fertilized trees: In 1970 the situation was the same as in 
the case of the control trees with the difference that form 
factors of all classes were smaller than the corresponding 
of the control trees. In 1975 trees of the subdominant class 
still had the biggest form factor, the trees of the co—dominant 
class - had the smallest, while the dominant trees had a form 
factor slightly bigger than that of the co—dominants. Comp-
arison of the form factor change between the three classes 
during 1970-75 indicated that dominant trees underwent the 
biggest change — 0.029 — as compared with the two other classes 
(0.008 and 0.003 for the co—dominant and supr.—aubdomjnant 
trees respectively. 
Finally the response of form factor defined as the difference in 
change between control and fertilized form factors during 1970-75, 
indicated that the fertilized dominant trees responded more to the 
treatment. The trees of the two other classes showed minor responses 
only (Table20 ). 
-I- fl no r nfl 
FORM FACTOR RESPONSES OF THE THREE DOMINANCE CLASSES 
DURING 1970-75 
Treatment Supr.—Subdominant Co—Dominant Dominant 
Class change Class change Class change 
Fertilized 0.003 0.008 0.029 
Control — 0.001 0.005 0.003 
Response 0.004 0.003 0.026 
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SUMMARY 
Summarizing the form factor responses to fertilization the following 
could be Concluded: 
Fertilization increased the mean form factor of the trees, 
Examination of the response of the form factor change during 
the under examination period between control and fertilized 
tress revealed that there were statistically significant 
differences (p <0.01). 
Examination of the response of the mean form factor change 
among the three dominance classes of the fertilized trees 
indicated that dominant trees were the ones responding most to 
the treatment. 
The mean form factor of the control trees remained almost 
unaltered during the under examination period. 
The response to fertilization started the year that fertilizers 
were applied and dropped in the fifth year. 
The pattern of the response development of form factor changes 
was the result of the combined effects of basal area, height 
and volume of the trees. 
6.5 
VOLUME RESPONSES RELATED TO FERTILIZATION 
So far the responses of basal area,height and form factor to 
fertilization have been examined. Since these three variables are 
closely related with the volume of the trees, it might be expected that 
there would be corresponding changes in the volume of the trees. 
There have been reports of volume responses to fertilization of 
Douglas fir (Bower 1973) 2 radiata pine (Woolons and Will, 1975) 2 black 
spruce (Weetman, 1975), white spruce (Gagnon at , 1976) and Loblolly 
pine (Matziris and Zobel, 1976). 
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VOLUME ESTIMATIONOF THE SAMPLED TREES 
In this study the volume of each of the trees sampled was 
estimated using the sectional method. This involved estimation of the 
volume of each section by applying the formula for the fruatrum of the 
conoid (Chapter 4), while the volume of the top part for each tree was 
estimated using the formula for a cone. Finally summing up the volumes 
of the individual sections, the volume of each tree was estimated. Since 
the diameters were measured from diècs cut at each mid-internodal posi-
tion it was easy to estimate the volume of each of the tfees for each 
subsequent year, either before or after fertilization (stem analysis). 
6.5.1 	- 
VOLUME RESPONSE OF THE SAMPLED TREES 
In the next Table are presented the statistics of volume of the 
control and fertilized trees in 1970, at the beginning of the experiment. 
TABLE 21 
STATISTICS OF VOLUME AT THE BEGINNING OF THE EXPERIMENT (1970) 
Number Treatment Year Total Mean 	Standard Variance Standard Range 
of trees 	 volume volume deviation 	 error 
	
(m3) 	(mi ) 
40 	Control 	1970 3.299 	O.0t.82 	0.037 	0 1 001 	0.006 	6.154 
40 	Fertilized 1970 3.257 	0.Or 81 	0.032 	0.001 	0.006 	0.117 
The entries of the above Table indicate that at the beginning 
of the experiment both groups of trees had almost equal mean volumes. 
EXAMINATION OF THE OVERALL EFFECTS IN VOLUME 
Five years later (following fertilization in 1970) the situation 
changed (Table 22), and there was a:.diffe:rene in mean fertilized tree 
volume of 0,022 + 0.026 or 18.2%overthe corresponding mean control tree 
volume in 1975. 
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TABLE 22 
STATISTICS OF VOLUME AT THE END OF THE PERIOD (1975) 
Number 	Treatment Year Total Mean Standard 	Variance Standard 	Range of trees volume volume deviation error 
(m3 ) (m3 ) 
40 	Control 1975 4.837 0.121 0.057 	0.003 0.009 	0.223 
40 	Fertilized 1975 5.726 0.143 0.059 	0.004 0.009 	0.259 
Response 0.889 0.022 
(Fart,- 
Cant.) 
In order to examine this difference between the volumes of the control 
and fertilized trees in. 1975, analysis of variance was used (Table 14, 
Appendix 3 ). The results of the analysis did not show any statistically 
significant differences between treated and untreated trees, but they 
indicated differences between blocks probably because of the site varia-
bility in the experimental area. Because of that it was decided to use 
analysis of covariance using as coveriata the volume of the trees in 
1970. The results (Table 15 , Appendix 3 ) indicated statistically sig-
nificant differences between treated and untreated trees at p<O.01, 
a result that would be attributed to fertilization. 
EXAMINATION OF VOLUME INCREMENT DURING 1970-75 
Examination of the volume increment during 1975 (Tables 21 and 22 ) 
indicated that the mean control increment was O,039m 3  and the mean 
fertilized increment was 0.062m3, and therefore giving a response of 
0.023 0.012m3, or nearly 59% of the corresponding mean control incre-
ment during the same period. Examination of the significance of the 
response of volume increment was Carried out using analysis of variance. 
This time the results of the analysis (Table 16, Appendix 3 ) showed 
statistically significant differences between treatments at p<O,O1. 
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EFFECT OF DOMINANCE CLASS 
In the next Tables 18 presented the volume increment as well 88 
its response during the period 1970-75. 
TABLE .23 
MEAN VOLUME INCREMENT OF THE THREE DOMINANCE CLASSES DURING 1970-75 
(CONTROL TREES) 
Supr .-Subdominant 	Co-dominant 	Dominant 
Class (n"12) m3 Class (n-14)m3 Class (n-14)m3 
Volume 1975 	 0.0750 	 0.1078 	 0.1734 
Volume 1970 0.0550 0.0741 0.1144 
Volume increment 	0.0200 
	
0.0337 	 0.0590 
TABLE 24 
MEAN VOLUME INCREMENT OF THE THREE DOMINANCE CLASSES DURING 1970-75 
(FERTILIZED TREES) 
Supr .-Subdominant 	Co-dominant 	Dominant 
Class (n12) m3 Class (n'.11)m 3 Class (n-17)m3 
Volume 1975 	 0.0830 	 0.1461 	 0.1862 
Volume 1970 0.0514 0.0860 0.0997 






MEAN VOLUME INCREMENT RESPONSE OF THE THREE DOMINANCE CLASSES 
DURING 1970-75 
Dominance Class 	Supr.-Subdominant 	Co-dominant 	Dominant 
class 	 class 	 class 
Response 
	
0.0316 - 0.0200 	0.0561 - 0.0337 0.0865 - 0.0590 
- 0.0116 	 0.0224 	 - 0.0275 
The results of the above Tables indicated that fertilized 
dominant trees responded more to treatment than trees of the two other 
classes despite the fact that in 1970 they had smaller mean volume than 
the corresponding mean of the control dominant class. Co—dominant 
trees showed also good response to the treatment and finally, trees of 
the suppressed—subdominant class showed the smallest response. The 
same results are presented also in Fig. 29. 
- 	VOLUME INCREMENT AND RESPONSE DEVELOPMENT DURING 1970-75 
Mean annual volume development as well as mean annual volume 
increment development of both treated and untreated trees during 1970-
75 is presented in Figs. 30 and 31 respectively. It is interesting to 
note in Fig.31 that mean annual volume increment of the fertilized trees 
was increasing from the first and up to the fourth year, and after that 
drops (5th year). During the same period mean annual volume increment 
of the control trees follows the same pattern and during the fifth year 
levels off. In the same figure it is also characteristic the difference 
in rate of growth between treated and untreated trees, the former having 
higher than the latter. 
Finally in Fig. 32 the development of mean volume increment 
response, defined as mean fertilized volume increment minus mean control 
volume increment, is presented. In this figurerit is indicated that 
volume increment response started the year that fertilizers were appl-
ied and reached its maximum during the fourth year-since fertilization. 
After that and during the fifth year dropped and reached a level below 
- the corresponding response of the first year. The drop of the response 
in -the third year might be attributed to the beneficial effect of 
thinning in the increment of the control trees which reached a maximum. 
in the third year and therefore reducing the response. 
USE OF REGRESSION ANALYSIS FOR THE EXAMINATION OF DIFFERENT 
RELATIONSHIPS AS AFFECTED BY FERTILIZATION 
Several regressions were developed to examine the relationships 
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the relationship between initial (1970) and final volumes of the control 
and fertilized trees. 
An overall regression of volume increment during 1970-75 with 
basal area in 1970 (Table 17, Appendix  3 ) indicated a systematic over-
estimation in the predicted values of the control trees volume incre-
ment, and at the same time the volume increment of the fertilized trees 
was underestimated (rig. 33 ). This result indicated the need to use 
separate regressions for the control and fertilized trees in the case 
that volume increment was going to' be estimated by means of basal area 
at the beginning of the experiment. Two such regressions were developed 
one for the control and one for the fertilized trees (Table 18a ,and 18b, 
Appendix 3 ) with correlation coefficients 0.895 and 0.831 respectively. 
Comparison of these regressions (Table 19 , Appendix 3 ) indicated that 
there were statistically significant differences in both Coefficients 
and constants (p <0.01) ., and therefore justifying the indications of 
Fig-33 and proving the need to use two separate regressions in order to 
estimate volume increment from basal area measurements taken at the 
beginning of the experiment, in case fertilization has an effect in the 
increment of the trees. 
Next it was decided to examine the relationship between initial 
(1970) and final volumes (1975) for the control and fertilized trees. 
Two regressions were developed for this purpose and a very good rela-
tionship was found in both cases (R'.'0.986 and 0.950 for the control and 
fertilized trees respectively, Table 20 , Appendix 3 ). In order to 
see if only one regression could be used for both groups of trees 
(treated and untreated) comparison of the two regressions was carried 
out. The results (Table 21 , Appendix 3 ) revealed that there were 
statistically significant differences (p 0.0i) in both coefficients 
and constants, proving again the need for two separate regressions to 
be used in cases of estimating fertilization responses.' 
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Fig. 33. Plot of the standardized residual from the regression 
of volume increment 1970-75, with BA 1970. 
Finally, the relationship between volume and basal area in 1975 
was examined for both groups of trees. Two such regressions were 
developed and the results (Table 22, Appendix 3) indicated that in 
both C8885 the relationship was very good (R"0.967 and 0.971 for the 
control and fertilized trees respectively). Comparison of the two 
regressions in this case revealed that there were no differences (Table 23, App.3) 
between constants as well as no differences between coefficients, and 
therefore pointing to the direction that one regression could be used 
for both control and fertilized trees. This result was contrary to the 
previous regression comparisons where statistically significant 
differences were found between treated and untreated trees. An indirect 
conclusion that might be drawn in this case is that increment is a 
more sensitive variable to be used in cases of estimating fertilization 
responses. 
SUMMARY 
Summarizing the results of volume responses to fertilization the 
following are worth noting: 
Fertilization increased the volume of the trees. 
The response of volume of the mean tree defined as the 
difference in the mean tree volumes in 1975 was 0.0220, 
or 18.2% over the corresponding mean control tree volume in 
1975. 
The response of mean tree volume increment defined as the 
difference in mean tree volume increment between control 
and fertilized trees was 0.023m 3 , or 59% over the 
corresponding control mean tree volume increment during 
1970-75. 
Statistical analysis of the differences in 1975 volume 
between control and fertilized trees did not show stat-
istically significant differences when analysis of 
- 119 - 
variance was applied, but statistically significant 
differences were revealed (p 40.01), when analysis of 
covariance was used (covarjate volume in 1970). 
Analysis of variance of volume increment showed stat-
istically significant differences (pC0.oi) between 
treated and untreated trees. 
Examination of the volume response of the three dominance 
classes indicated that trees responded to fertilization 
in accordance with their position in the stand canopy. 
Examination of the development of the volume response 
indicated that it started in the first year, reached its 
maximum in the fourth and finally in the fifth year dropped 
below that of the first year. 
B. Close relationships were found between: 
a).the volumes of the trees at the end of the under 
examination period with the Corresponding volumes at the 
beginning of the period, and therefore suggesting that 
trees responded in accordance with their initial volumes. 
Comparison of the regressions of volume 1975 with volume 
1970 between control and fertilized trees showed statis-
tically significant differences (P <O-01) for both co- 
efficients and constants. 
b) volume increment and basal area at the beginning of the 
experiment. Overall regression of volume increment with 
initial basal area indicated the need to use two separate 
regressions, one for the control and one for the fertilized 
trees. Comparison of these two regressions revealed that 
there were statistically significant differences between 
coefficients and constants (pt(0.01), and therefore proving 
the need for two separate regressions to be used for purposes 
of the estimation of response in terms of volume increment. 
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c) volume in 1975 and basal area in 1975 for both groups 
of trees (treated and untreated). Comparison of the two 
regressions did not show any statistically significant 
differences (p..cO,O5). 
6.5.2 
ESTIMATION OF VOLUME RESPONSE ON AN AREA BASIS 
After the examination of volume response of the 80 sampled trees, 
it was decided to estimate the response per hectare. Unfortunately 
complete enumeration of OBH of the trees in the experimental area was 
not carried out during 1970, but such data were available for 1971. For 
this reason the following analysis of volume response estimation per 
hectare was restricted to the period 1971-75. 
From the volume data estimated from the sample trees, it was easy 
to develop regression equations to expand sample tree volumes to crop 
volumes. It is well known that there is a very close relationship bet-
ween volume, basal area and height. Multiple regressions relating volume 
with basal area and height give very good volume estimates, but present 
certain practical difficulties since the total height of every tree in 
the crop has to be measured accurately. When height is estimated from 
a sample and expanded to the rest of the population by means of an 
easily measured independent variable, one will have to face other sources 
of errors (i.e. sampling errors, regression errors) which will be added 
to the general volume model. On the other hand, there is a close 
relationship between volume and basal area (volume—basal area line, 
Hummel, 1955) which is more simple to use and quite accurate in volume 
estimates. Models relating volume or volume increment to basal area were 
developed and used in the methods for the volume response estimation of 
this study. Trees with DBH(7.5cm were not included in the following 
analysis since they were considered as contributing very slightly to the 
volume responses. 
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METHOD 1 
In this method it was decided to use direct volume estimates at 
the end of the period under examination (1975) for the control and 
fertilized trees respectively, and examine their differences as an 
estimate of the response. For this purpose two regressions of the 
form: 
V 	a ib G 
were developed, one for the control and one for the fertilized trees. 
The data used for. the development of these regressiOns were the 
volumes (v) of the 40 control and 40 fertilized trees, which were 
estimated from item analysis for 1975, and the basal areas (6) of the 
trees which were estimated from the overbark diameters measured in the 
forest in 1975. Details about these regressions are given in Table 26 
below and more information is given in 1ab1024 in Appendix3, 
TAOLE25 
REGRESSION 	OF VOLUME 1975 (UNDERB1RK) WITH 	B.I. 1975 (OVERBARK) 
Treatment 	Number of 	a b R 	Reggression 
trees F 
Control 	 40 —0.0295 7.5102 0.970 	605,018** 
Fertilized 	40 —0.0390 8.0843 0.975 	751.036** 
x statistically significant at p.0.O1 
Tree volumes were estimated using regression estimators of the form 
Vi 	a + b Gj 
using the appropriate a and b for each treatment as well aé the basal 
area G of each tree. In the next table are presented the volumes of 
the trees of all the plots per treatment as they were estimated from the 
above regressions. 
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TABLE 27 
VOLUMES OF ALL THE TREES OF THE FOUR PLOTS PER TREATMENT 
ESTIMATED BY REGRESSIONS OF THE FORM U75 a+b 675 
Treatment 	Number of 	Total volume 	Mean volume 	Standard error 
trees (all in3 	 m3 	(mean volume tree) 
plots) 
Control 	240 	 18.123 	 0.0755 	0.00267 
Fertilized 	254 	 21.041 	 0.0828 	0.00280 
Response 	 2.918 	 0.0073 
The results of the above table showed that the mean tree response 
in 1975 was 0.0073 + 0.0078 m3 and for the total number of the trees of 
the four plots/treatment (240 and 254 control and fertilized respectively) 
the response was estimated as 2.918 + 1.879 m3. 
It has already been seen in Chapter 2 that there were four plots/ 
treatment each of them an area of 0,02ha, Therefore the above estimated 
response was over an area of 4 x 0.02 0.08 ha. By expanding the above 
results on a per hectare basis (Freese, 1962),that is for an average of 
3,000 control and 3,150 fertilized trees/ha respectively, the estimated 
volume response/ha with 95% confidence limits was 34.247 + 23.389 m3/ha. 
Comparison of the two regressions showed that there were neither statis-
tically significant differences between the coefficients nor between the 
constants (Table 25 , Appendix 3 ). 
METHOD 2 
In this method the response was estimated as the difference in 
volume increment, during 1971-75 2 between control and fertilized trees. 
For this purpose two regressions of the form: 
VI = a + b C 
were developed, one for the control and one for the fertilized trees. 
The data used in these regressions were volume increment (vi) underbark 
from stem analysis during 1971-75 as the dependent variable, and as 
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independent variable was used the basal area (G) in 1971 overbark, 
both estimated from the sampled trees. Details about the regressions 
are given in Table 28 below, and more information is given in Table 26 
in Appendix 3, 
TABLE 28 
REGRESSION, OF VOLUME INCREMENT (UNOERBARK) WITH BASAL AREA 
1971 (OVERBARK) 
Treatment 	Number of 	a 	b 	R 	 Regressions F 
trees 
Control 	40 	—0.0113 2.618 0.887 	 141,70** 
Fertilized 	40 	—0.0234 4.309 	0.885 	 113.39** 
"statistically significant at pc(O.O1 
Volume increment during 1971-75 of all the trees in the four plots 
per treatment were estimated using the same formula as in the previous 
method. The results are presented in Table 29 below. 
TABLE 29 
VOLUME INCREMENT DURING 1971-75 OF ALL THE TREES OF THE FOUR PLOTS 
PER TREATMENT ESTIMATED BY REGRESSIONS OF THE FORM VI 	a+b C71 
Treatment 	Number of 	Total Increment 	Mean Increment Standard 
trees m3 	 m3 	 error 
Control 	240 	 4.824 	 0.0201 	0,00151 
Fertilized 	254 	 7.468 	 0.0294 	0.00262 
Response 	 2.644 	 0.0093 
The results of the above table showed that the volume - increment 
response with 95% confidence limits for the mean tree was 0.0093 + 0,0061m 3 . 
For the total number of trees/treatment (240 control and 254 fertilized) 
covering an area of 0.02 x 4 0.08/ha, the estimated response was 
2.644 + 1.487 m3/0.08 ha. By expanding the above results on ' s per 
hectare basis the response was estimated (with 95% confidence limits) as 
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32.30 + 18.48 m3/ha. 
Comparison of theresults of this method with the previous one 
indicates that this method gives slightly higher precision(aince the 
standard error is smaller). 
Finally comparison of the two regressions of this method developed 
for the control and fertilized trees indicated that there were statistical-
ly significant differences in both coefficients and constants at pA0.oi 
(Table 27, Appendix 3 ) and therefore proving the necessity for using two 
separate regressions, one for the treated and one for the untreated trees. 
DISCUSSION OF THE RESULTS OF THE TWO METHODS 
We have already seen in the previous paragraph that the second 
method based on volume increment gave a better estimation of the response 
of the mean tree - 0.0093 m 3 as compared with 0.0073 m3 of the first 
method. Comparison of the mean tree volume responses estimated using 
these two methods with the corresponding mean tree volume responses, as 
estimated from the sample of 40 single trees, reveals that there are big 
differences. In the case of the single trees, the mean tree volume res-
ponses were estimated as 0.022m3 and 0.0230 respectively (para.6.5.1.) 
Of course the response of volume in the case of single trees was estimated 
for the period 1970-75, that is one year more than the corresponding 
period 1971-75 used for the volume estimation based on the regressions 
developed for the two methods, but still the differences in response are 
considerable. One of the reasons might be attributed to the sampling 
procedure that was followed, since more weight was given to the bigger 
trees to be included in the sample (chapter 2, pare. 2.3), and therefore 
not being representative of the situation prevailing in the experimental 
plots. Another reason that might be considered is that all the 
regressions developed for the volume estimation on a unit area basis used 
basal area as the independent variable. 
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This meant that these volume functions still ignore any changes in 
form factor that might have occurred as a result of fertilization, and 
in this study we have already seen that there was a 2.5% change in form 
factor. Reukema (1971) reported that "the error in estimated 4—year 
growth associated with ignoring a 1 per cent change in form factor was 
generally 5 to 10 per cent, or even greater, depending on tree size and 
growth rate" in an experiment to estimate the volume growth of 
Douglas Fir. Taking this into consideration would bring the volume 
responses on a unit area basis closer to the responses of the single 
trees. 
6.6 
SUMMARY AND DISCUSSION OF THE RESULTS 
Summarizing the effects of fertilization on basal area and height 
there are several points worth noting. 
Both these two variables showed the same general pattern of response 
(Figs.21 and24 ). Basal area responded the year that fertilizers were 
applied while the response of height during that year was very small 
(Figs. 22 and 23 ). This small response of height during the first year 
was probably partly attributed to the thinning carried out in the experi-
mental area which reduced the height increment, a fact that has been 
observed for various tree species and referred to as a "shock" effect 
(Staebler 1956, Miller 1961, Berry 1969 s Brix 1976). This might also be 
attributed to the fact that height growth depends upon a two year period 
and it was during the second that the influence of fertilization, induced 
during 1970 (first year), contributed to the maximum increase in the 
second year since fertilization (Heiberg  Rt 211964). On the other hand, 
the increase in basal area during the first year might be explained as 
a combined effect of mechanical trends developed at the lower part of 
the tree (Assmann, 1970) 88 a result of thinning, and/or because of the 
increased photosynthetic area (Brix, 1976) of the trees as a result of 
the fertilizers which were applied early and before the initiation of the 
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growth period in 1970. Both basal area and height reached the maximum 
response during the second year following fertilization, and after that 
started declining. The difference was that the response of height 
increment was relatively smaller than that of basal area increment 
(42.8 as Compared to 56%). This result in turn might influence the 
taper of the trees and/or their form factor. Statistical analysis of 
the responses of basal area and height were statistically significant. 
Examination of BA responses in dominance classes revealed that trees 
of the higher canopy were responding more tothe treatment. In the case 
of height responses it was the co-dominant tree class that was respond-
ing more to the treatment (Miller and Cooper, 1973). 
Estimation of the form factors and analysis of the responses 
revealed that the form factors of the dominant fertilized trees changed 
Wring the five year period, while the form factor of the control trees 
remained almost unaltered. This change was statistically significant as 
compared with the corresponding change of the control trees. Examina-
tion of the form factor development during 1970-75 revealed that it was 
increased more during the first and the fourth year, a result that was 
very similar with the volume development during the same period. This 
seemed reasonable since form factor F - 
	is directly proportional 
to volume and the increases in height were small at the first and 
fourth years. Mitchell and Kellog (1972) suggested that the estimation 
of volume responses to fertilization in dominant trees "should be 
approached with caution". Johann, 1977 s  and Sterba, 1976, reported 
changes in form following fertilization, and Whyte and Plead (1977) 
reported changes in form factor of radiata pine. 
Such changes in form factor as a result of a redistribution of 
increment on the tree stem caused by fertilization can be important for 
the forest managers since it will influence the distribution of wood 
between different log lengths. 
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Finally, examination of the volume revealed - as it was expected 
from the changes in BA and height - that fertilization increased the 
volume increment of the trees. The responses of volume and volume 
increment were relatively higher than those of BA (18.2% and 59% as 
compared with 11.5% and 56% respectively), probably reflecting the 
change in the form factor of the trees. 
In all the cases of examining the differences between treated and 
untreated trees, increment - that is the difference in a variable at the 
beginning and the end of a period - was more "sensitive" in unmasking 
the response caused by the treatment. 
In all the cases examined, trees of the higher canopy (dominant 
trees) were associated with the greatest response to the treatment (apart 
from the case of height responses). Kozlowski and Peterson (1962) found 
that the length of the period of growth in individual trees was increased 
with dominance, and therefore they pointed that greater increment was 
associated with greater dominance. This was confirmed by Hamilton 
(1969) for Sitka spruce. 
Examination of the volume response on a unit area basis revealed 
that the estimated mean tree response - in both methods used - was much 
lower than that estimated from the single trees. This was attributed to 
sampling errors as well as to the regressions used in which only the 
BA of the trees was taken into account and therefore any changes in 
form factor were ignored. 
Finally examination of the duration of the response implicated 
that it lasted for almost four years and dropped in the fifth year 
since fertilization. This, as well as the other examined characteris-
tics of the response, was in accordance with the results of the pre-
vious chapter, dealing with the examination of the internal pattern of 
growth of the trees. 
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CHAPTER 7 
USE OF PRINCIPAL COMPONENT ANALYSIS 
TO DEFINE THE STEM FORM OF SITKA SPRUCE 
7.1 INTRODUCTION 
A knowledge of the form of tree sterns and the way in which tree 
stems vary in form is of importance to the forester for the estimation 
of volume and the construction of volume Tables. Knowledge of form is 
considered necessary for comparison of stem form between species for 
morphological studies and also for proper evaluation of phe results of 
silvicultural treatments such as thinning, pruning and fertilizing. 
As noted in Chapter 4 it is frequently assumed that parts of the 
stem resemble strongly various geometric solids. Unfortunately devia-
tions from these geometric forms are common. These deviations have 
been attributed to several causes such as butt-swell (Larson, 1963), 
silvicultural treatments (Myers, 1963), site (Burger, 1951), age 
(Bickerstaff, 1946), dominance (Horn, 1961) and heredity (Squillace 
and Silen, 1962). Finally Grosenbaugh (1966) pointed out that regard-
less of cause, tree stems were capable of assuming an infinite variety 
of shapes. The existance of an extensive literature dealing with the 
mathematical definition of the stem form, in spite of the aformentioned 
difficulties proves the importance of such a definition, as well as the 
difficulty of this task. 
Because of the simplicity of assuming that taper of the central 
stem conforms to the dimensions of a geometric solid, foresters in 
the past have relied on a single curve for describing the stem form 
and estimating the volume of the trees (Metzger, 1893, Peterson, 1927, 
Tiren, 1928, Gray, 1956, Heger, 1965, Kozak 	1969). 	 Use of 
one curve often failed to trace the inflection points of the stem 
curve and particularly those at the lower part of the stem (butt-swell) 
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as well as within the crown of the tree. Max and Burkhart (1976) suggested 
that three polynomial models were needed for the description of the stem 
form, one for each segment of the bole (neiloid, paraboloid and conoid). 
They used a technique for joining these models into a single model which 
could be analyzed using regression (segmented polynomial regression). 
Preussner (1974), Fleijbel (1974) and Jokela (1976) have also examined 
the problem of analysing the stem curve in different parts and using 
different functions for them. Demaerschalk and Kozak (1977) used two 
mathematical functions to describe the stem curve, which were joined 
at a point of inflection lying at a relative height 20 to 257 from the 
ground level. 
As it might be expected, use of more than one curve improved the 
description of stem form but there were still inadequancies caused 
by the difficulty of determination of the position of the inflection 
points along the stern curve since it is very difficult to force living 
organisms - such as trees - subjected to the influence of a great 
number of environmental factors to present standard positions of in-
flection points. Therefore the difficulty of positioning the inflection 
points along the stem curve was still introducing bias even when more 
than one curve was used for the description of the stem form as in the 
aformentioned methods. Two more reasons could be mentioned here, in 
addition to the above, for the failure of polynomials or other mathem-
atical expressions to trace the inflection points: 
The fact that the measured diameters never agree exactly 
with a mathematical expression, and 
because the recorded diameters present irregularities due 
to errors of observations and to actual irregularities 
To overcome the problems of the great number of environmental 
factors influencing the development of stem form as well as the 
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difficulties of tracing the inflection points of the stem curves 
Fries (1965) and Fries and Matern (1966) introduced multivariate 
analysis. Fries and Matern (1966) used principal component analysis 
to define the st:ern form of Betula verrucosa and Pinus silvestrjs from 
Swedish forest and compare them with corresponding species of British 
Columbia. Mendihoure (1972) used PCA to examine the influence of 
pruning on the stem form of young poplars. Finally Liu and Keister 
(1978) used this method to define the stem form of_Pinus taeda and 
Pinus elliotji. 
In this sJudy among the other purposes were the examination of 
probable differences in stem form between control and fertilized 
trees as well as the development of a model for diameter prediction. 
Therefore in this Chapter in order to define the stem form of the 
Sitka spruce trees, carry out comparisons of the stem form and develop 
equations of diameter prediction, amultivarlate method, Principal 
Component Analysis was used. The application of PCA in this study to 
define the stem form of the trees was based on the principles intro-
duced first by Fries (1965) and Fries and Matern (1966) who examined 
the pattern of variation in stem form for different species. 
7.2 PRINCIPAL COMPONENT ANALYSIS (PCA) 
Principal component analysis is one of the subfields of "Multi-
variate analysis" which denotes analysis of data that are multivariate 
in the sense that each member bears the values of -p- variates. 
According to Anderson (1958) the multivariate character lies in the 
multiplicity of the -p- variates which are dependent among themselves. 
PCA is a technique intended to achieve an economical summarization of 
data sampled from a single population of multivariate normal measure.-. 
ments (Sal, 1964). 
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Statistical methods are usually applied to either test a hypo-
thesis or to estimate a quantity in a hypothesis. Multivariate methods 
in most cases serve neither of these purposes but they are used to 
generate hypotheses, and since PCA is a multivariate method itis used 
for this purpose. Finally PCA can be described as an analytic procedure 
of orthological transformation from a set of correlated variates to 
another of uncorrelated variates. 
Some of the objectives of PCA may include one or more of the 
following (Jeffers, 1973): 
Examination of the correlations between the separate variables 
Reduction of the basic dimensions of variability expressed by 
the individual, sampling units to the smallest number of 
meaningfull dimensions 
Elimination of the variables which contribute little extra 
information of the study 
The basic theory of PCA is very well described by Kendall (1957), 
Anderson (1958),. Seal (1964), and applications of this method in the 
field of forestry have been reported by Fries (1965), Fries and 
Matern (1966), Jeffers (1967), Mendiboure (1972), Liu and Keister 
(1978). In the application of PCA the following steps are distinguished 
(Jeffers, 1967): 
Choice of the variables to be included in the analysis 
Construction of the data matrix 
Transformation of the basic data if required 
Calculation of the dispersion or correlation matrix 
Calculation of the eigenvalues and eigenvectors of the 
dispersion or correlation matrix 
Examination and interpretation of the elgenvalues 
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Interpretation of the eigenvectors 
Plotting or further analysis of the transformed values 
The most important properties of the PCA (Seal, 1964, Kendall, 
1957, Jeffers, 1978) can be described as follows: 
Suppose we have -p- variates x 1 .....x, each observed on n 




Since the object PCA is to economize in the number of variates we 
will seek for linear transformations of the type: 
p 




In ordir to carry out an approximate reduction in the dimensions 
of the probicin the coefficients -a- will be chosen such as that the 
first of the new variates, Z 1 , has as large a variance as possible, 
the second variate, Z 2 , will be chosen such as to be uncorrelated with 
the first and to have as large a variance as possible. The analysis 
then continues to find Z 3 , Z4 etc. until all the variability has been 
accounted for. The coefficients -a- of equation (14) can be considered 
as a vector of the form: 
(a11 
. .......a. ) 	 (15) lp
For each vector of the above form (is), corresponds a number -A-
which is one of the roots of the "eigen equation" (i.e. the equation 
that results after the mathematical manipulation of the correlation 
matrix). These vectors are called "eigen vectors" or "latent vectors". 
Each of the A's is an estimate of the variance of the original variates 
after their linear transformation and is called "eigenvalue or "latent 
root". The important property of the estimated eigenvalues is that 
of the following equation: 
(16) 
12 	p 	12 	p 
which means that the total variance of the new variates is equal to 
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the total variance of the original variates. There are -p- vectors 
like (15) and each of them defines a set of independent variates which 
are called "Principal Components", (z 1 ,Z2 ,z 3 . ..Z). In practice the 
estimation of Z 1 ,Z2 ,Z 3 . .Z is equivalent to extracting the eigenvalues 
and eigenvectors of the correlation matrix. An important property of 
this manipulation is that the linearily transformed set of new variates, 
Z11Z2. 
2"' 
	are mutually independent 'and can be considered separately 
(Seal, 1964). 
The eigenva[ue of the first principal component (z 1 ), expressed 
as a percentage of the total for all variates indicates the proportion 
of the total variability accounted for by this component and the 
significance of the new variate as well. In the same way the remaining 
eigenvalues summarize the proportion of variability accounted by the 
appropriate component and those proportions can be added to give the 
cumulative proportions of variability accounted for by the linear 
functions. Because of the decreasing order of the variance associated 
with the principal components it is possible to use only one, two, or 
three of the new variates (principal components), to summarize the 
variability and covariability of the original variates, x1 ,x2 . .x 
(Seal, 1964). Finally another property of PCA is that each of the 
original variates (x,) can be expressed as a linear function of the 
eigenvectors, that is: 
p 
x.= 	a •Z. 	 (17) (Cittins, 1969 ) 
1  i=1 13 3 
In geometrical terms (Gittins, 1969 ) the whole situation could be 
explained as follows: 
Starting wiih the case of two variates (i.e. diameters) every 
individual can be represented by a point on a two axes plane. By 
extending Ihe geometrical concept from the two axes plane into the N 
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dimensional space (i.e. by including N variates) we have the entries 
of each row of' the data matrix regarded as coordinates of points in 
the space and the position of each point will be determined uniquely 
by each particular combination of the observed values (positional 
diameters), and finally a cloud of points will be determined. The 
shape of this cloud of points will be the result of the relationships 
that exist betwenn them, and the closer the points the better the 
relationships between them. 
The existance of strong correlations in the correlation matrices 
reflects the trend of the variables (positional diameters) to vary 
together and implies that the points in the cloud are contained in a 
restricted region of the space. This enables new coordinate axes to 
be strategically placed through the major dimensions of that particular 
region of space that the points actually lie. Hence each point will be 
assigned new values of coordinates corresponding to the new axes. The 
longer of the new axes will correspond to the direction of the maximum 
variability. These new axes are the principal components , and the 
longest direction of the elipse of the cloud of points will always 
correspond with the first principal component. 
73. USE OF PCA TO DEFINE THE STEM FORM OF SITKA SPRUCE CONTROL AND 
FERTILIZED TREES 
We have already seen in paragraph 7.1 that PCA was first used 
to define the stem form of the trees by Fries and Matern (1966). In 
their study they concluded that the first eigenvector gives the linear 
relationship between diameters and they considered this as the mean 
stem form of ihe trees examined in their case. 
Based on this idea as well as in the weakness of the already 
existing methods of defining the stem form it was decided to use as 
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an alternative in this study the multivariate method of PCA in order 
to define the stem form and carry out comparisons between control and 
fertilized trees. Application of this method might lead to a more 
general expression of the stem form since PCA, as a multivariate method, 
would provide us with means of considering the general dimensions of 
variability of the diameters, measured along the stems of the trees, 
as a whole. 
Estimation of stem form of the coniferous trees requires that 
stems under investigation have evenly spaced measurements of diameter 
and height from stump to top. Stem curves that have been constructed 
at tenths of total height can be accurately interpolated to any point 
of the stem for trees of different DBH and height but having ,a common 
taper. Stem curves of this kind can be used not only in the case of the 
examination of the variation of diameters along the stem, but also for 
comparisons of the stem curves among different species and size classes. 
Due to the lack of diameter measurements near the 0.9 of TH position, 
as well as below 0.1 of TH for all the trees ±he following examination 
of stem form applies for part. of stem between 0.1 and 0.8 of TH for 
diameters - measured from stem analysis for 1975. 
Sets of eight positional diameters at tenths of total height 
were estimated using linear interpolation of the original diameter 
measurements taken at each mid-internodal position. Linear 'interpolation 
in this case was considered adequate since the original diameter 
measurements were taken at very close distances. The estimated position-
al diameters were used to construct one 8x40 data matrix for the 
control trees and one for the fertilized ones. These two data matrices 
were fed into the computer, for the estimation of eigenvalues and 
eigenvectors of the control and fertilized trees respectively. The 
computer program which was used for the construction of the correlation 
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matrices Tables30 and3l, the solution of the eigen equations and 
finally the extraction of eigenvalues and eigenvectors was the sub-
routine BMDO 1M of the BMD package (ERCC). 
In Tables 32 and33 are recorded the eigenvalues as resulted from 
FICA of the diameters at tenths of TH. It has already been seen in the 
previous paragraph that, after the application of PCA and the trans-
formation of the correlated original variates (positional diameters) 
into uncorrelated.ones, the total sum of variance of the original 
variates is maintained. It has also been seen that the sum of the, 
eigenvalues equals the sum of the variances of the original variates. 
An examinationof the extracted eigenvalues, of the above Tables, 
shows that the variance of the first transformed variate has absorbed 
almost 9370 of the total variance. The second variate has absorbed 
almost 5.5% and the third nearly 1.5% of the total variance (Tables 
32 and33). • Thus, the first component accounts for the major part of the 
variability among the diameters, and the first three components account 
for more than99% of the total variance in both cases (control and 
fertilized trees). 
After the extraction of the eigenvalues and eigenvectors the 
néxt step in the analysis was the interpretation of the principal 
components. This step was considered necessary to get to a decision 
upon the number of new variates having any practical significance to 
be interpreted. Jeffers (1967)referring to the significance of the 
principal components suggests that: 
"an arbitrarybut simpler rule of thumb, which has been proved 
to be useful in practice, It is to consider only those components 
which have eigenvalues of. 1.000 or greater as having any practical 
significance" 
In the examined cases the first principal component with values 
7.401 and 7.419, for the control and fertilized trees respectively, 
TABLE 30 
CORRELATION COEFFICIENT MATRIX AS RESULTED FROM PCA OF THE CONTROL TREES 
DIAMR1 DIAMR2 DIANR3 DIAMR4 DIANR5 DIAMR6 DIAMR7 DIANR8 
DIAMR1 1.0000 0.9917 0.9839 0.9808 0.9736 0.9584 0.8354 0.7273 
DIAMR2 0.9917 1.0000 0.9966 0.9932 0.9884 0.9732 0.8585 0.7522 
DIAMR3 0.9839 0.9966 1.000 0.9956 0.9931 0.9791 0.8692 0.7585 
DIANR4 0.9808 0.9932 0.9956 1.0000 0.9965 0.9848 0.8906 0.7715 
DIAMR5 0.9736 0.9884 0.9931 0.9965 1.0000 0.9918 0.9001 0.7781 
DIAMR6 0.9584 0.9732 0.9791 0.9848 0.9918 1.0000 0.9302 0.8117 
DIAMR7 0.8354 0.8585 0.8692 0.8906 0.9001 0.9302 1.0000 0.8615 
DIANR8 0.7273 0.7522 0.7585 0.7715 0.7781 0.8117 0.8615 1.0000 
TABLE 31 
CORRELATION COEFFICIENT MATRIX AS RESULTED FROM PCA OF THE FERTILIZED TREES 
DIANR1 DIAMR2 DIANR3 DIAMR4 DIA5 DIAMR6 DIAMR7 DI AMR 8 
DIAMR1 1.0000 0.9895 0.9867 0.9787 0.9700 ' 	 0.9436 0.8709 0.7074 
DIA2 0.9895 1.0000 0.9972 0.9897 0.9810 0.9552 0.8904 0.7173 
DIAMR3 0.9867 0.9972 1.0000 0.9941 0.9866 0.9646 0.9049 0.7382 
DIAMR4 0.9787 0.9897 0.9941 1.0000 0.9958 0.9788 0.9234 0.7542 
DIAMR5 0.9700 0.9810 0.9866 0.9958 1.0000 0.9872 0.9360 0.7691 
DIAMR6 0.9436 0.9552 0.9646 0.9788 0.9872 1.0000 0.9699 0.8228 
DIAM0 0.8709 0.8904 0.9049 0.9234 0.9360 0.9699 1.0000 0.8909 




EIGENVALUES FOR THE AVERAGE TREE FORM 
OF THE CONTROL TREES(1975) 
COMPONENT NR EIGENVALUE PROPORTION OF VARIABILITY 7. CUMULATIVE PROPORTION 
7.40192 92.524 92.524 
2 0.43734 5.466 97.990 
3 0.11829 1.478 99.468 
4 0.02376 0.297 99.765 
5 0.01114 0.139 99.904. 
6 0.00425 0.053' 99.957 
7 0.00166 0.020 99.977 
8 0.00160 0.020 99.997 
TOTAL 7.99996  
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TABLE 33 
EIGENVALUES FOR THE AVERAGE' TREE FORM 
OF THE FERTILIZED TREES (1975) 
COMPONENT NR EIGENVALUE PROPORTION OF VARIABILITY 7 CUMULATIVE PROPORTION 
1 7.41973 92.7469 92.7469 
2 0.46444 5.8055 98.5524 
3 0.07601 0.9501 99.5025 
4 0.01725 0.2156 99.7181 
5 0.01383 0.1728 99.8909 
6 0.00451 0.0563 99.9472 
7 0.00254 0.0317 99.9789 
8 0.00166 0.0207 99.9996 
TOTAL 7.99997 
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absorbed almost 937 of the total variability. The second and third 
principal components, in both cases had values smaller than 1.000 
and absorbed together with the first nearly 99.5 of the total vari- 
ability of the original variates. Judging from the high percentage of 
absorbed variability by the first component it is clearly the most 
significant new variate tc be interpreted in this particular case, 
although the possible interpretation of the next two components 
bringing the toti[ of the absorbed variability up to nearly 100% 
might be also considered. 
After the examination of the significance of the new variates 
(principal components) the elements of the eigenvectors corresponding 
to the first priiicpal components of the control and fertilized trees 
Table35, were ploited against the positional height (Fig.34). In each 
case it can be seen that the plottings of the elements of the first 
eigenvec.tors result in a characteristic curve which bears similarities 
with a stem curve. These curves corresponding to the elements of the 
first eigenvectors might be interpreted as approximations of the mean 
stem curves of the control and fertilized trees, since the first eigen-
vector accounted for the linear relationship among the diameters of the 
trees (Fries and Matern,1966). 
The fact that by definition, the new variates (principal components) 
are mutually independent helps a lot in the interpretation of vari-
ability measured by the original variables and thus turns the attention 
of the researcher on the basic "dimensions" of variability of which 
his variables are only first approximations (Jeffers, 1967). However 
the interpretation process is often difficult because the new variates 
may not have an identifiable separate existance, or may not agree with 
the existing biological knowledge (Liu and Keister, 1978). It is really 
one limitation of the PC interpretation that the validity of the 
0.8 
control trees 	/ 
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Fig. 34 Plottings of the elements of the egenvectors 
against height Cain 1970, bin 1975) 
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interpretation depends on how the results agree with the general 
knowledge. 
In this case as shown in Table 33 the first eigenvalue which 
represents the variance of the first new transformed variate (principal 
component) has absorbed almost 937 of the total variability and 
therefore pointing that the stern curve of the trees can be characterized 
almost by the variability of one component only. Also in Figs.(34a) and 
(b) we have seen that the plottings of the first eigenvector resulted 
to curves similar to those of stem curves. Therefore the first principal 
component could be interpreted as an approximation of the mean stem form 
of the sampled trees and in particular for that part of the.stem curve 
from 0.1-0.8 of Ill. 
This view i based on: 
The res.iIii of the analysis (high percentage of variability 
absorbed by the first eigenvector) 
Agreement with the general biological knowledge (shape of 
stern curves) 
Previous reported results (Liu and Keister, 1978) 
Fries and Matern (1966) concluded that: 
"the first eigenvector gives the linear relationship between 
the diameters. This is the mean stem form of all the trees. The 
second eigenvector gives the linear relationship between the deviations 
from the first etc." 
Interpretation of the second and third principal components was 
not attempted because their eigenvectors (Table34) seemed unstable 
and changing between control and fertilized trees. Inclusion of more 
data (diameter measurements) accounting for the lowest part of the 
stem (butt-swell) might have been of great help in the interpretation 
of the second or the third component and therefore giving a better 
insight in the direction of how these two components were attributing 
TABLE 34 




VARIABLES EIGENVECTORS CORRESPONDING 
TO COMPONENT NR 2 
EIGENVECTORS CORRESPONDING 
TO COMPONENT NR 3 
EIGENVECTORS CORRESPONDING 
TO COMPONENT NR 2 
EIGENVECTORS CORRESPONDING 
TO COMPONENT NR 3 
D01 0.2840 0.2355 -0.2851 0.4056 
D 02 0.2331 0.1759 -0.2641 0.2245 
D03 0.2079 0.1065 -0.2176 0.1657 
0.1655 0.0001 -0.1673 -0.0495 
D05 0.1352 -0.0673 -0.1171 -0.1897 
D06 0.0148 -0.1818 0.0522 -0.3926 
-0.3969 	S -0.7610 0.3297 -0.5745 
D08 -0.7864 0.5344 0.8053 0.4848 
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in the formation of stem form. 
7.4 COMPARISON OF TUE FIRST PRINCIPAL COMPONENT BETWEEN CONTROL 
AND FERTILIZED TREES 
In the previous paragraph it has been seen that the eigenvector 
corresponding to the first principal component gives the linear relation-
ship between the diameters and it was considered as an approximation 
of the mean stein foi.-in of the sampled trees (Fries, 1965, Fries and 
Matern, 1966, Liu and Keister, 1978). To trace probable differences 
in stem form inchiced by fertilization the elements of the first eigen-
vector of the conLrot trees were compared with the elements of the 
corresponding cigemiveetor of the fertilized trees. These are presented 
in TabIe35. 
The entries of the above Table showed only minor differences 
among the elements of eigenvectors between control and fertilized 
trees at the positions 0.1, 0.2, 0.3, 0.4, 0.5, 0.6 and 0.8 of TH. 
At the position 0.7 of TI-I there appeared to be a difference 0.0109 
between the elements of the elements of the eigenvectors of the control 
and fertilized trees. This difference compared with the others of the 
Table 	was the biggest and therefore indicating that at that part of 
the stem of the fertilized trees, between 0.6 and 0.8 of TH, their 
stem curve was improving. Assuming that site and/or genetic factors 
were equal in both groups of trees this might be attributed to fertiliz-
ation. If this interpretation is correct it indicates that fertilized 
trees tend to be more cylindrical. This is in agreement with the 
evidence presented in Chapter 5, 	where most of the increment 
induced by fertilization was found to be concentrated in middle and 
up to the upper half of the tree stem, and with other reported results 















ELEMENTS OF THE EIGENVECTORS CORRESPONDING TO THE EIGENVALUES OF THE FIRST PRINCIPAL COMPONENT 
1975 
CONTROL TREES 	 FERTILIZED TREES 	
DIFFERENCE 
VARIABLES COEFFICIENTS FOR COMPONENT V, 1 COEFFICIENTS 
 FOR COMPONENT V ] CONTROL - FERTILIZED 
-0.3620 
D06 	 -0.3572 
D07 	 -0.3407 
	
-0.3067 	 - 
D= the diameters at tenths of total height 
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At this stage it is worthnoting that it might have been an 
improvement if more -data were available and included in the analysis. 
Such data could be 3-4 diameter measurements taken from all trees - 
below the 0.1 of TH to account for the butt-swell, as well as diameter 
measurements to account for the part of the trees above 0.8 of TH. 
If such data were available it is possible that the first principal 
component might have absorbed a higher percentage of the variability 
of the original variates (diameter measurements). That might have 
accounted also for the linear combinations of the diameters of those 
parts of the tree stems that were not included in the analysis. 
Inclusion in the PCA of such data could have resulted in a re-
adjustment through the new scatter of points - which would included 
the added diameter measurements of butt-swell and the upper part - 
of the first principal axis (first principal component) in the direction 
of the biggest variability. The probable consequence of such a re-
adjustment might have been a new eigenvector whose elements would 
give rise to a more realistic curve, closer to the mean stem curve 
of the earnined trees-than the ones succeeded from the analysis of 
the existing data. 
So far the analysis was applied to diameters measured and inter-
polated from stem analysis data for 1975, that is five years following 
fertilization. A similar analysis .was carried out in order to check whether th 
situation was the same or not at the beginning of the experiment (1970). 
In Tables36 and 37 it can be seen that the cumulative percentage 
of the absorbed variability of the eigenvectors corresponding to the 
first three principal components was almost 99.57.. In Table38 as well 
as in Fig.3&, one can see that the differences between the elements 
of the eigenvectors corresponding to the first principal component 
were very small and could be considered negligible at all points 
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TABLE 36 
EJCENVALUES FOR THE AVERAGE TREE FORM 
OF THE CONTROL TREES (1970) 
COMPONENT NR EIGENVALUE PROPORTION OF VARIABILITY 7 CUMULATIVE PROPORTION 
1 7.63499 95.438 95.438 
2 0.21684 2.710 98.148 
3 0.10832 1.354 99.502 
4 0.02276 0.284 99.786 
5 0.01009 0.126 99.912 
6 0.00387 0.048 99.960 
7 0.00158 0.019 99.979 
• 	8 0.00149 0.018 99.997 
TOTAL 7.99994 
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TABLE 37 
KEGENVALUES FOR THE AVERAGE TREE FORM 
OF THE FERTILIZED TO BE TREES (1970) 
COMPONENT NR E1.CENVALUE PROPORTION OF VARIABILITY 7 CUMULATIVE PROPORTION 
1 7.61974 95.247 95.247 
2 0.23381 2.922 98.169 
3 0.10761 1.345 99.514 
4 0.02192 0.274 99.788 
5 0.00997 0.124 99.912 
6 0.00379 0.047 99.959 
7 0.00152 0.019 99.978 
8 0.00157 0.019 99.997 
TOTAL 7.99993 
TABLE 38 
ELEMENTS OF THE EIGEWVECTORS CORRESPONDING TO THE. 
EIGENVALUES OF THE FIRST PRINCIPAL COMPONENT (1970) 
CONTROL TREES FERTILIZED TREES DIFFERENCE 
VARIABLES CONTROL - FERTILIZED 
D01 -0.3562 -0.3551 -0.0011 
D02 -0.3554 -0.3540 -0.0014 
• 	 D03 -0.3541 -0.3528 -0.0013 
D0 . 4 -0.3536 -0.3523 • 	 -0.0013 
D05 -0.3527 -0.3516 -0.0011 
• 	 D06 -0.3498 -0.3489 -0.0009 
D07 -0.3405 • 	 -0.3369 • 	 -0.0036 
D 08 -0.2976 -0.3005 	• +0.0029 	- 
I JL) 
I 1i I 
along the part of the stem curve under examination e.g.0.1-0.8 of TH. 
In particular, it can be noted that in 1970, before fertilization 
could have had an effect, the difference in the eigenvector values at 
0.7 of TH was only -0.0036, while in 1975, five years after fertiliz-
ation, this had changed to +0.0109. This strengthens the view that 
fertilization has affectedstem form. 
7.5 A CURVE FITTING METHOD OF THE ELEMENTS OF THE EIGENVECTORS AND 
MODELS FOR DIAMETER PREDICTION 
So far we have examined the .application of a multivariate method 
to define the stem curves of the control and fertilized trees and also 
the comparison of these stem curves. In this part of the 5tudy the 
intention was to bring the results of PCA into practical application 
by building up a model for diameter prediction. 
From the previous paragraphs we have already seen that: 
Fdr each eigenvalue there is a corresponding eigenvector and 
also that these eigenvalues (Tables32and33) decrease rapidly from the 
first to the fourth, which is already very low, while the decrease 
from the foirth to the eight is moderate. 
The cumulative percentage of the first three eigenvalues 
accounted for, almost 100% of the total variability of the original 
variates (i.e.positional diameters) in bothgroups of trees. 
The above two conditions indicated that the total of variability 
of the stem curves could be summarized by the first three principal 
components. 	 - 
As 'a consequence of the above it might be expected that if the 
three new variates (principal components) were included in a modell 
could estimate quite acurately diameters along the stem of the tree 
of an average stem form. Fries and Matern (1966) reached the same 
conclusion when they pointed out that inclusion of the three eigen- 
U 
vectors in one function could result to a system of taper curves for 
birch. 
The sequence steps which were followed for the development of the 
diameter prediction model can be seen in Fig.35. Steps 1 and 2 dealing 
with the estimation of the positional diameters as well as with the 
estimation of the correlation matrix have already been described in 
the previous paragraph. The data used for the.development of the model 
were the eigenvectors as they resulted from the use of positional 
diameters measured from stem analyses for 1975. 
STEP  
At this step in order to recognise and bring the results of PCA 
into practical application a curve fitting method of the elements of 
the eigenvectors was considered necessary. For this purpose multiple 
regression analysis was used. The dependent variable was the eigen- 
vector which consisted of eight elements and the independent variables 
were the positional height and its powers (Hu1H,H2 ,H3 ,H,H5 ,H6 ,H 7 ,H8 ). 
This procedure was applied for each of the first t'e eigenvectors. 
In Tables 39 and 40 are presented the coefficients and statistics 
of these functions for the control and fertilized trees respectively. 
In Table 41 are presented the functional values of the eigenvectors 
as they were estimated by the regression models above, which were 
ofthe general form: 
9 
f.(V)= Z a. • H 3 	j=1,2,3 	C ig) 
I 	
j=1 
where V=the eigenvector 
a=the coefficients 
H=the positional height 
j=the powers of height 
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SYMBOLS 
H 	- 1/10 of total height (0.1,0.2 .....0.8) 
j - tree subscript (j=1,40) 
- eigenvector (1..I,1) 
d 	- rosjtjonal (interpolated) diameter at 1/10 height for Individual trees 
0 1 	
- estimated diameter at the first 1/10 height for individual trees 
d 	- 
' positional-(interpolated)  mean'diam-. at -1/10 heights 
- estimated mean diam. at the first 1/10 heights 
V 1 	- elgenvectur elements 
V 	- - smoothed elgenvector elements 
b, 	- weightings for the first three eigenvectors 
TABLE 39 
FUNCTIONS OF EIGENVECTORS 
COEFFICIENTS AND STATISTICS FROM REGRESSION MODELS 
USED TO FIT THE ,EIGENVECTORS 
A. CONTROL TREES 
EIGENVECTOR 
NUMBER 
CONSTANT H H H2 H3 1,4 H 5 H6 H 7 H8 R 2 
-0.3549 - -0.01069 - - -0.2714 - - 2.794 -2.4855 0.99 1 
2 0.05708 - 0.9215 -7.266 - 58.87 -81.67 - - 33.56 0.99 
3 0.7267 - -1.427 - - 17.89 - - -231.53 252.1-3 0.96. 	- 
TABLE 40 
FUNCTIONS OF EIGENVECTORS 
• 	COEFFICIENTS AND STATISTICS FROM REGRESSION MODELS 
USED TO FIT THE EIGENVECTORS 
J3.. FERTILIZED TREES 
EIENVECT.QCONSTANT 
NUMBER 
H H • 	 H2 H3 H4 	• H 5 H6 H 7 H8 R2 
-0.3508 -006035 - 0.07905 - 
• 




2 -0.4018 • 	 - 0.3709 	• -0.4991, - 2.538 - - 	 • • 	 - 	 • 0.9304 










HEIGHT 1st EIGENVECTOR 2nd EIGENVECTOR 3rd EIGENVECTOR 	1st EIGENVECTOR 2nd EIGENVECTOR 3rd EIGENVECTOP. 
0.1 -0.3673 0.2809 0.2772 	 -0.3646 -0.2892 0.4097 
0.2 -0.3619 0.2466 0.1148 	 -0.3635 -0.2518 0.2362 
0.3 -0.3656 0.1885 0.0559, 	 -0.3636 -0.2229 0.1111 
0.4 -0.3625 0.1700 0.0620 	 -0.3620 -0.1815 -0.0045 
0.5 -0.3600 0.1504 0.0118 	 -0.3597 -0.1020 -0.1727 
0.6 -0.3583 -0.023 -0.3066 	11 	 -0.3560 0.0503 -0.4300 
0.7 -0.3422 -0.3889 -0.7045 	 -0.3516 0.3269 -0.5564 
0.8 -0.3067 -0.7869 0.5231 	 -0.3029 0.8061 0.4819 
1-n 
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STEP 4 
Since the maximum of total variability was absorbed by the first 	- 
three significant variates it was considered that for a simultaneous 
evaluation of the three components a linear combination of the 
previously described functions of eigenvectors would provide us with 
the desired results for diameter prediction. In other words the model 
needed for this purpose required a way to evaluate the weighting factors 
for each of the three signif{cant components. This model would be able 
to estimate diameters along the stem of the trees with average stem 
form. 
Again multiple regression was used for this purpose. The data used 
as dependent variables were the interpolated diameters and as indepen-
dent variables were used the functional valu,es of the previously derived 
functions of eigenvectors (Table 42 ). The general model was of the 
form: 
	
3 	 - 
f (d.) = > a.f(v.,)  
1=1 
Coefficients and statistics for the models of the control and fertiliz-
ed trees are given in Table 42 . The above model could be used for the 
diameter prediction of the tree with mean stem form. 
• S 	 S 	In the next Table(43)are presented the actual (interpolated) 
diameters (at tenth of TH) as well as the predicted ones from equation 
for the average of the control and the fertilized group respectively. 
The differences in both cases are small and actually less than 0.5 cm. 
These differences conform to the average trees. 
STEP 5 
Finally an adjustment factor was needed for the estimation of 
the diameters of trees with different than the average form. Such a 
factor, - among others (e.g. DBI1) was considered to be the ratio of 
1b 	- 
- TABLE 42 
COEFFICIENTSAND STATISTICS FROM MULTIPLE REGRESSION MODELS 
USED FOR DIAMETER PREDICTION 
CONTROL TREES 
CONSTANT V2 V 3 R 2 SE RMS 
103.45 261.94 21.66 2.21 0.99 0.359 0.129 
FERTILIZED TREES 
CONSTANT V1 V 2 V3 R2 SE RMS 
221.62 593.02 -37.73 -12.98 0.99 0.235 0.055 
V 1 '
7 
V2 , V 3 = the first, second and third elgenvectors, correspondingly 
RMS 	= Residual Mean Square 	 0 
SE 	= Standard Error 
TABLE 43 
ACTUAL AND PREDICTED DIAMETERS AND THEIR DIFFERENCE 
PREDICTED 'DIAMETERS FROM PCA (cm) 	DIFFERENCE (ACTUAL - PREDICTED) :(cw) ACTUAL MEAN DIAMETERS (cm) 
HEIGHT CONTROL FERTILIZED 
DIAMETER DIAMETER 
0.1 15.12 16.14 
0.2 13.91 14.94 
0.3 12.78 13.80 
0.4 11.46 12.65 
0.5 10.35 11.50 
0.6 8.89 9.93 
0.7 7.11 7.91 





0.1 15.07 16.09 
0.2 14.23 14.74 
0.3 12.46 13.91 
0.4 11.22 12.96 
0.5 ' 	 10.47 11.50 
0.6 .9.27 • 9.68 
0.7 7.06 8.00 
0.8 4.91 5.32 
HEIGHT "CONTROL FERTILIZED 
DIAMETER DIAMETER 
0.1 0.05 0.05 
0.2 -0.32 0.20 
0.3 0.32 	'. -0.11 
0.4 0.24 -0.31 
0.5 -0.12 0.00 
0.6 -0.38 	' 0.25 
0.7 0.05 	' -0.09 
0.8 -0.04 0.01 
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diameter at 0.1 of TH of the tree to the average diameter of all the 
trees in the sample at the same position (0.1 of TH). This factor was 
prefered because as compared with another factor that might be used, 
egg. the DBH of the tree, had a better "biological" meaning. since it 
was related to the total height of the tree and DBH on the .contrary 
is usually a rather.  "technical" measure of convenience. 
.After the introduction of the aformentioned adjustment factor 
the final model to be used for diameter prediction was of the form: 
D(x) = Rf(d) 	 (20) 
where •R is the adjustment factor and 
- 	. f(d) is that from equation (ig) 
The use of above model for the prediction of diameters, a total of 
8x40=320 diameter measurements for the control and 8x40=320 for the 
fertilized trees, gave differences that ranged as in the Table 
below: 
TABLE 44 
RANGE OF DIFFERENCES BETWEEN ACTUAL AND 
PREDICTED DIAMETERS 









TOTAL 583 55 2 
Finally it was decided to examine how well the models fit the 
data. For this purpose two correlation analyses were used, one for 
the control and one for the fertilized trees. The interpolated (po-
sitional) diameters for a random sample of 20 control trees (a total 
of 160 diameters) were correlated with their predicted values as they 
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were estimated using equation 	The correlation coefficient was 
0.991. For a similar sample of fertilized trees (20 trees, 160 diam-
eters) the correlation coefficient was 0.982. In both cases the cor-
relation coefficients were very high indicating that both functions 
developed here could-be applied with reliability as models, for diameter. 
predictions. 	 - 	- 
7.6 DISCUSSION 
As it has been seen at -the beginning of this Chapter definition 
of stem form is a difficult task -because of the great number of factors 
contributing to the variability of its development. The big number of 
papers dealing with this -subject (Larson, 1963, Sterba, 1980) proves 
the difficulty of coping with it. The multivariate method (PCA) was 
used in this study as a meansof, looking rather for general "dimensions"'  
of variability for the solution of this problem,,-stem form identi-
fication'- than adopting the variables influencing the stem form one 
at a time in a model, or even force the trees to grow conforming to 
the dimensions of paraboloids, neiloids or conoids. The data reduction 
that was s'ucceeded by applying this method -that is only three 
principal components accounted for the total variability of the diam-
eters - coupled with the good results of the predicted diameters., 
when these three principal components were combined into a model, 
proves the applicability of the method. 	 . 
-The main limitation of this method should be noted here also. 
This is the difficulty that the researcher is faced with when4attempts 
to in€erpret'the principal components •which in many cases are very 
difficult to be identified separately. In such cases experience-gained 
from previous results combined with good knowledge of the variables 
helps in the interpretation of the results provided that the principal 
components describe the original variance, in as small a number of 
- '1b 	- 
uncorrelated dimensions as possible. 
Application of PCA in this study did not imply that this was the 
best method to be applied to the purposes set in this Chapter. It was 
used here because of its main principle as a multivariate method which 
integrates the various sources introducing variability in the different. 
biological' problems - like the one of the stem curve - which ideally 
should not have been separated and also because of its function of 
• "generating hypotheses" (Pearce, 1969). Indeed comparison of the 
elements of the eigenvectors of the control and fertilized' trees 
indicated about the stem curve at the upper half of the stem of the 
-fertilized trees was, improving and hence "pointing" the direction for 
further research. In this sense PCA can be considered as a method 
seeking for more general expression of the'variables under examination 
without oversimplifying things and hence not, bearing the consequences 
of such d simplification that might influence the results. 
As compared with other methods dealing with stem form also, PCA 
applied for diameter prediction might seemed complicated. But equally 
complicate'd might be considered most of the recent methods dealing 
with this subject and incorporating for its quantification "segmented 
polynomial analysis" when using two different polynomials "to be 
joined" at the inflection point of the stem.curve (Demaerschal and 
Kozak, 1977) and/or using non linear' least squares to define the 
lengths of the parts of the stem for which different polynomials would 
be applied (Max and Burkhart, 1976). 
The use of computers in recent years has made easy the application 
of complicated methods of mathematical analysis as is indicated by the 
frequency of their use. This fact of course should not be considered 
as a proof that complicated methods are the best to be used since 
simple methods might also be used to adequately define the stem form. 
To reach a conclusion it is the purpose that has been set and the 
effort required balanced to precision which one needed to define the 
particular method to be used in order to enable a decision to be made 
upon the functional values of the stem form. 
77 SUMMARY AND CONCLUSIONS 
A multivariate method (PCA) used in this Chapter had two purposes: 
.1. To define the stem form of Sitka spruce treesso that comparisons 
of stem form comparisons between control and fertilized trees could be 
carried out, and 
2. To develop diameter prediction functions for the above trees. 
The data used 'for the above purposes were derived from diameter 
measurements taken at each mid-internodal position using linear inter-
polation. 
The main characteristic of PCA is' to transfer all the variance and 
covarianc'e existing among the original variates (in this case th posi-
tional diameters) to a smaller number of new variates which are un-
correlated and absorb.almost all the above variance. The new variates 
(principalcomponents) are independent and therefore can be examined 
separately.. In our case the first three principal components absorbed 
almost 100% of the variability existing among the diameters and there-
fore' could be considered as summarizing the total variability of the 
stem form of the examined trees. The first eigenvector absorbed nearly 
93% of the total variability and was considered the most significant' 
component to be interpreted. Based on the plotting of the eigenvectors 
as well as on previous reported results, it was, interpreted as. a 
similitude of the stem curve of the trees. Comparison of the elements 
of the eigenvectors corresponding to the control and fertilized trees 
indicated that the latter were improving their stem curve in the part 
between 0.6-0.8 of total height. Inclusion of more data helping the 
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• interpretation of the second and third eigenvectors would have con-
tributed to a better way of stem form definition and therefore 
probably to more indications of differences between treated and un-
treated trees. 
• Finally combination of the three significant components.in one 
model gave very good results - in the prediction of diameters along the 
stem of the trees. This can be considered as an indirect proof that the 
stem form of the trees could be adequately described by using only the 
three significant components as well as the successful application of 
the multivariate method for the stem form definition. 
CHAPTER 8 
STEM FORM COMPARISON USING 
RELATIVE DIAMETERS 
8.1 INTRODUCTION 
In the previous Chapter as well as in Chapter 6 we have seen 
that there was evidence that the stem curve of the fertilized trees 
was different than the one corresponding to the control trees. In this 
Chapter in a further attempt to quantify these probable differences 
relative diameters were used (Hohenàdl,Assmann, 1970). The reason 
for using relative diameters was based upon an early investigation 
'done by Prodan (1944) who used Hohenadi's method and concluded that 
relative stem curves corresponded better with the mechanical and 
physical premises than do polynomials in general (Sterba, 1980). 
According to Assmann, Hohenadl in his method for volume estimat-
ion used 'diameters token at the same relative positions of the stem 
(tenths of TH). As a reference diameter he used the diameter at the 
first tenth of TH measured from ground level.  
However-it is likely that the use as.a reference diameter of 
the-one taken at 0.2 of TH gives better results. First Assmann 
considers that: 
"even better information about changes-in stem form could be 
obtained if a sectional area above the point of inflection of stem 
curve (and thus above the base of the stem) approximately at 0.2 
or 0.3 measured from base could be chosen as a reference point 
because the zone of the steadiest increment lies at approximately 
one third of stem height measured from base". 
Second J. Christie (personal communication) concluded that the 
variation in stem increment at any point is least at between 0.1 
and 0.3 of TN. Finally Kozak and Demaerchalk (1977 ) studying 
differences in stem shape of trees belonging to different species 
s well as within the same species, found that the inflection point 
11 
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(the point where the stem curve changes from neiloid to paraboloid) 
seems to be at a more or less constant relative height. This relative 
height ranged from 20-25% of the TH measured from the ground level. 
From all theabove it was concluded that the reference diameter 
to be used in this study for the estimation of the relative diameters, 
was the diameter at 0.2 of TH measured from the base of the stem. 
8.2 STEM FORM COMPARISON BETWEEN CONTROL AND FERTILISED TREES 
Having estimated the diameters of trees at tenths of TH (Chapter 7) 
the relative diameters were estimated using as a reference diameter 
the one at 0.2 of TH (relative diameter:the ratio of each diameter 
to the diameter at 0.2, expressed as a percentage). In Figs 36 
and 37 are presented the relative mean stem curves of the 40 control 
and 40 fertilized trees in the years 1970 and 1975 respectively. A 
comparison of the stem curves in these two Figures is informative in 
several aspects. In Fig.36 can be seen that the resulting stem curves 
(plots of relative diameters) were found to possess a quite similar 
pattern in both samples taken in the beginning of the experiment. It 
can also be seen that there are only minor differences between the 
relative stem curves of the control and fertilized trees. In Fig.37 
it is clear that following fertilization the situation has changed. 
This time the relative stem curve of the fertilized trees has over;;,: 
ta'ken the stem curve of the control ones and there were clear 
differences between them above a certain height. 
The differences at the positions 0.1, 0.3 1 0.4, 0.5, 0.6, 0.7 
and 0.8 for the relative stem curves in 1970 were tested using the 
t-test. Table45 shows the average relative diameters and the results 
of the test. 
- 167 - 
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TABLE 45 
AVERAGE RELATIVE DIAMETERS IN 1970, 
THEIR DIFFERENCE AND.TEST FOR SIGNIFICANCE 
HEIGHT 
(in tenths) 
RELATIVE DIAMETERS x 100 CONTROL-FERTILIZED 
DIFFERENCE 
TEST FOR 
SIGNIFICANCE CONTROL 	.1 FERTILIZED 
(t-test) 
0.1 110.90 111.40 -0.50 n.s 
0.2 100.00 100.00 0.00 - 
0.3 92.00 91.60 +0.40 n.s 
0.4 81.50 81.60 -0.10 n.s 
0.5 70.80 70.90 -0.10 ñ.s 
0.6 	- 52.60 59.90 -0.30 n.s 
0.7 46.40 46.90 . -0.50 n.s 
0.8 31.00 30.40 +0.60 n.s 
NOTES 
As ,a reference diameter for the estimation of the relative 
diameters the diameter at 0.2 of TH was used. 
n.s. No significant difference at p<O.OS 
.3. No of trees tested:.40 control, and 40 fertilized 
From the above results it can be concluded that in 1970 there 
were no differences in the relative stem curves between control and 
trees to be fertilized. 
The corresponding situation in 1975 is shown in Table 46. 
- 	 - 
TABLE 46 
AVERAGE RELATIVE DIAMETERS IN 1975, 
THEIR DIFFERENCE AND TEST FOR SIGNIFICANCE 
HEIGHT 
(in tenths) 
RELATIVE DIAMETERS x 100 CONTROL-FERTILIZED 
DIFFERENCE 
TEST FOR 
SIGNIFICANCE CONTROL FERTILIZED 
(t-test) 
0.1 108.60 108.10 +0.50 n.s 
0.2 100.00 100.00 - - 
0.3 91.80 92.40 -0.60 n.s 
0.4 82.30 84.70 -2.40 S.S. 
0.5 74.30 77.00 -2.70 S.S. 
0.6 63.90 66.50 -2.60 S.S. 
0.7 51.10 53.00 -1.90 n.s. 
0.8 35.00 35.70 -0.70 n.s. 
NOTES 
n.s.-No significant difference at pO.OS 
s.s.-'statistically significant at p 40.0. 5 
No of trees tested: 40 control and 40 fertilized 
The results of the above table indicate that there were statistical-
ly significant differences in the average relative stem curves of the 
control *and fertilized trees at the positions 0.4, 0.5 and 0.6. of the TH 
caused .probably by fertilization. Finally 'a further examination was 
carried out to examine the responses of the relative stem curves of trees 
in different dominance classes. 
The trees were grouped in three groups according to their position 
in the stand canopy (Chapter2 ) as follows: 
Group 1 - suppressed and subdominant trees 	 - 
13 
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Group 2 - co-dominant trees 
Group 3 - dominant trees 
(a total of six groups, three control and three fertilized). 
The relative average stem curves of the three groups, both control 
38,39,40 
and fertilized, are presented in Figs /.The same pattern in the stem 
curves appear to exist. There also appear differences in the relative 
stem curves berween control and fertilized trees which are greater for 
the trees belonging to the groups 2 and 3 indicating that fertilization 
was affecting the stems of the trees belonging to the co-dominant and 
dominant classes. 
The differences at the positions 0.1-0.8 were tested using the t-
test,(Tables 47,48,49). 
The results of these Tables 	can be summarized as follows: 
There were no statistically significant differences between the 
average relative stem curves of the control and fertilized trees of 
group 1. 
There were statistically significant diffrences at the postions 
0.4, 0.5 and 0.6 of TH between-the average relative stem curves of the 
control and fertilized trees of group 2. 
There were statistically significant differences at the positions 
0,3$.0.4) 0.5, 0.6 and 0.7 of TH between the average relative stem 
curves of the control and fertilized trees of group 3. 
8.3 SUMMARY 
From all the above analysis it can be concluded that fertilization 
resulted in an increased increment over the middle part, of the stem in 
average terms. Grouping of the trees into the three dominance classes 
revealed that co-dominant and dominant trees were the most benefited 
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TABLE 47 
AVERAGE RELATIVE DIAMETERS (1975) 
GROUP 1 - SUPPRESSED AND SUBDOMINANT TREES 
HEIGHT 
(in tenths) 
RELATIVE DIAMETERS x 100 DIFFERENCE 
CONTROL-FERTILIZED 
TEST FOR 
SIGNIFICANCE CONTROL FERTILIZED 
(t-test) 
0.1 110.55 108.94 1.61 n.s. 
0.2 100.00 100.00 - - 
0.3 91.57 91.18 0.39 n.s. 
0.4 82.87 82.80 0.07 n.s. 
0.5 74.62 75.07 -0.45 n.s. 
0.6 64.81 65.27 -0.46 n.s. 
0.7 	- 54.31 53.56 0.75 n.s. 
0.8 	, .37.50 36.20 1.30 n.s. 
NOTES 
n.s.-no significant difference at p0.05 
Noof trees tested: 12 control and 12 •fertilized 
11 
TABLE 48 
AVERAGE RELATIVE DIAMETERS (1975) 
GROUP 2 - CO-DOMINANT TREES 
HEIGHT 
(in tenths) 
RELATIVE DIAMETERS x 100 DIFFERENCE 
CONTROL-FERTILIZED 
TEST FOR 
SIGNIFICANCE CONTROL FERTILIZED 
(t-test) 
0.1 108.32 108.59 -0.27 n.s. 
0.2 - - -. 
0.3 92.20 92.62 -0.42 n.s. 
0.4 83.11 85.10 -1.99 S.S. 
0.5 74.28 77.96 -3.68 S.S. 
0.6 	. 64.20 67.90 -3.70 s.s. 
0.7 52.72 54.85 '-2.13 n.s. 
0.8. 36.13 38.94 -2.81 . 	 n.s. 
NOTES 
n.s. -no significant difference at p,4 0.05 
s.'s.. -statistically significant at p 0.05 
No of trees tested: 14 control and 11 fertilized 
11 
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'TABLE 49 
AVERAGE RELATIVE DIAMETERS (1975) 
GROUP 3 -.DOMINANT TREES 
HEIGHT 
(in tenths) 
RELATIVE DIAMETERS x 100 DIFFERENCE 
CONTROL-FERTILIZED 
TEST FOR 
SIGNIFICANCE CONTROL FERTILIZED 
(t-test) 
0.1 107.96 107.50 , 	 0.46 n.s. 
0.2 100.00 100.00 - ' 
0.3 91.59 92.79 -1.20 S.S. 
0.4 82.72 85.30 -2.58 S.S. 
0.5 	, 74.15 76.99 -2.84 S.S. 
0.6 	' 63.26 66.20 -2.94 s.s.. 
0.7 47.56 51.53 ' 	 -3.97 S.S. 
0.8' 32.30 33.60 -1.30 n.s. 
NOTES 
n.s.-no significant at p.0.05 
s.s.-statistically significant at p4O.0S 
No of trees tested: 14 control and 17 fertilized 
—Ito — 
that the effect was biggest in the, middle part of the stem. In the 
case of the dominant trees the effect was found to be more extensive 
than in the case of the co-dominants and therefore covering a larger 
part of the stem (the differences from 0.3-0.7 were statistically 
significant). 
Finally in the case of suppressed and subdominant trees the 
effect of fertilization was not found to be significant due probably 
to the-disadvantage- 
 of being subjected to suppression by the crowns 
of co-dominant and dominant .treesin the stand. 
The above results are in concordance with the results of the 
examination of the internal pattern of increment as it was redistribu-
ted after fertilization (Chapter 5 ). 
- 176 - 
CHAPTER 9 SUMMARY AND CONCLUSIONS 
9.1 
DISCUSSION OF METHODS FOR VOLUME ESTIMATION OF THE TREES 
In this study the response of polestage Sitka spruce trees.to  
P)( fertilization was examined. The-volume response of the trees. is 
the most important response but, because. fertilization affects the 
- 
	
	shape of the tree, volume tables do not necessarily give good results 
in cases of fertilization (Chapter i). 
In the preceding chapters a number of methods relevant to 
volume estimation, were presented. Some of these methods dealt with 
the relationship between diameter and height but are basically related 
to volume estimation - by considering the resulting solid of revolution. 
The methods can be arranged as follows: 
1. Whole-stem functiona . 
These could be divided into theoretical and empirical. Theore- 
tical functions are based on different theories such as Metzger's 
theory or Gray's theory (Chapter 4). Both theories are mainly based 
on the assumption that the wind action was the main factor influencing 
the stem form development, and, since trees were acting as "beams of 
uniform resistance to bending", the stem was bound to approach the 
dimensions of either a cubic paraboloid (Metzger) or a quadratic para-
boloid (Gray). The above theories resulté in a relationship between 
height and diameter. Having established a theoretical. relationship 
between diameter and height, the volume of the tree can be estimated 
by integration. These methods have the advantage that few measure-
mentson each tree are needed. 
However, the tree stem is a component of a living organism and 
because of that it is exposed to influences of a great number of 
external factors'that may influence tree growth.. Therefore stem form 
is likely to be a more complex function of height than these theories 
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would suppose, and the diameter:height relationship suggested by the 
described theories is probably inadequate. 
A great number of empirical mathematical functions have been 
developed for the description of stem curves (Chapter 7) using poly-
nomials, combined logarithmic and polynomial functions,-etc. Having 
established a function that describes the stem curve, it is. possible to 
integrate for the total height of the tree to estimate its volume. 
Such functions have again the advantage of using a small number of 
diameter measurements on each tree for its volume estimation. However., 
the great number of such functions that has been developed so far 
proves the difficulty of this task. This might be attributed in a way 
to the fact that the recorded stem diameters present irregularities 
due to errors of observations and alsotto actual irregularities, and 
as a consequence the recorded diameters never agreeexactly with 
mathematical functions. 	. 
For the mathematical expression of stem form multivariate 
methods have also been used. Such a method - Principal Component 
Analysis - -was first used by Fries and Matern (1966). Liu and Keister 
(1978) used P.C.A to compare stem curves of different species and 
also to estimate the volume of the trees. 
Principal Component Analysis was also used in this study (Chapter 
7) to express the stem form of the control and fertilized trees, so 
that comparisons could be carried out, to detect the influence of 
fertilization on the stem form of the trees. 
2. Sectional methods 
The early observed similarity of tree stem with solids of 
revolution (Spurt 1952; Husch, 1963) gave rise to the use of formulae 
developed originally for stereometric solids to be applied for the 
volume estimation of the tree stem. 
I (0 - 
According to the sectional method of volume estimation (Chapter 
4), the stem of a tree is divided-into sections, the, volume of each 
section is estimated and by summing up the volumes of the sections the 
stem volume is finally obtained. 
Based on the above principle - that is stem sections approach the 
dimensions of stereometric solids - several formulae were applied for 
the volume estimation of the sections (Huber's formula, Smalian's 
formula, Newton's formula). Usually for the application of a sectional 
method for volume estimation, the stem is divided into sections of 
- equal length (tenths of total height, three or two metre sections), and 
one or two diameters with the length of the section are used for the 
volume estimation of the section (Huber's or Smalian's formula). As 
long as the stem sections approach the dimensions of paraboloids,. 
these formulae will give good-results. But In such cases, it is 
possible that the pi ,sitions where the diameter measurements will be 
taken will coincide with whorl nodes, stem irregularities, etc, and' 
thus either causing errors in the recorded diameters or necessitating 
double measurements (e.g. above and below the position of irregularity 
and taking the average). On thu other hand, tree stems are capable of 
assuming an infinite variety of shapes (Grosenbaugh, 1964). Finally, 
it is known that there are numerous points of inflection on the stem 
curve (Assmann, 1970; Grosenbaugh, 1964). Because of - all these and 
4. since fertilization might add to this situation by changing the stem 
curve at unknown points,, a sectional. method for the volume estimation 
of the trees was developed (Chapter 4), that might cope with changes 
in stem shape. 
The proposed method for the sectional volume estimation' which 
was developed in this study would be able to incorporate any changes 
in stem shape since the diameter measurements are taken close enough. 
Therefore any changes in the shape of sections would only cause very 
I I J 
small discrepancies (less than 1 %) among the main three formulae 
(for corioid, paraboloid or neiloid frustrum) used for the volume of 
the section, provided that the-difference -between the two ends of 
a section is less than 2.5cm. For each particular situation the ' 
diameter step which will be judged as adequate for the degree of 
discrepancy (accuracy) and number of measurements (effort) can be 
selected. 
Application of thIs method is not considered to be the best, 
since the diameter step will need readjustments in order to retain 	- 
the same accuracy,and this might involve extra work. As compared 
with the other methods this method has the disadvantage that it needs 
even more diameter measurements to be taken for the volume estimation. 
For experimental purposes, when accuracy is needed, such as cases of 
volume reponse estimation involving, probable' changes in stem shape, 
this method in its strict form (diameter step of 2.5cm) could be used 
and this would increase the number of diameter measurements (effort). 
Still more work is needed in order to compare the results of this 
method - in terms of effort and accuracy - with the usual sectional 
methods used (e.g. stem diameter measurements every three meters, 
or in tenths of total height and use of Smalian's or Huber's formula). ,  
Obtaining such comparative results will- either justify the use of 
• 	this method for general purpose use, or will restrict Its use only 
for pure scientific purposes because of the increased-effort needed 
for its application. 
9.2 
DISCUSSrON OF THE RESULTS 
The results presented in this study indicate that following' 
PK fertilization the stem form of trees changed. Fertilized trees 
underwent changes as the result of the redistributed growth over 
the stem of the trees. 
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At the beginning of the experiment two treatments were carried 
out in the experimental area: 
Fertilization, and 
Thinning 
Therefore-any difference between the control (thinned) and the 
fertilized (thinned) trees might be attributed to fertilization. 
Examination of the internal pattern of growth (Chapter 5) rev-
ealed that following fertilization ring width and/or ring area increa-
sed dramatically over the stem:-6f the trees. These results were 
indicated in the longitudinal direction (ring sequencesno. 1),in the 
radial direction (ring sequences no. 2), and in the radiolongitudinal 
direction (ring sequences no. 3). Finally in the contour diagrams the 
situation was presented even better. 
Examination of the ring sequences no. 3, which reflect the 
prevailing site conditions in the stand (Duff and Nolan, 1957; 
Richardson,. .1961) indicated that from 1956 onwards there was a slight 
decline in the site conditions of the experimental area. This result 
might be attributed to the lack of nutrients. This was confirmed in-
directly since following fertilization a characteristic upwards trend 
appeared in the no..3 sequences, denoting the improvement of the site 
conditibns. 
Statistical analysis of the results in terms of. basal area, cross-
sectional area at half of total height, total height and form factor, 
during the five year: -.period examined, showed statistically significant 
differences between control and fertilized trees. Basal area was in-
creased by 56% over the control increment during the period under exam-
ination, and cross-sectional area, at half total height, was increased 
by 74% over corresponding controls. This was the first indication that 
fertilized trees were improving in cylindricity by showing a greater 
rate of growth at half of total height than in the breast height 
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position (74% as compared with 56%). During the same period height 
increment was estimated as 53% over the corresponding control 
increment. 
Examination of the form factor change - defined as the difference 
in form factor at the beginning and at-the end of the period examined - 
indicated that there were statistically significant differences between 
control and fertilized trees. This confirmed the' higher per cent 
increase of the cross—sectional area increment at half total height. 
Despite the fact that both basal area and height were responding to 	- - 
treatment at a more or less equal, per cent rate the stem shape was 
changing. 
This result might probably be attributed to an improvement in 
the photosynthetic capacity and/or photosynthetic efficiency o? the 
trees (Brix, 1976) which caused the higher rate of growth. Measure-
ments of the leaf area index of the trees of this experiment (Malcolm, 
pets, corn.) showed that there were statistically significant differences 
- 
	
	between control and, fertilized trees (leaf area index was 5.7 for the 
control and 8.5 for the fertilized trees). 
Examination of the stem curves usirg Principal Component Analysis 
showed that fertilized trees were improving, their stem form - in 
average terms - in the upper half of the stem. Application of this 
method also indicated that perhaps better results could be achieved, 
if more diameter measurements were included in the model, accounting 
for the lower and also for the upper part of the stem. The good 
results of diameter prediction, when the three principal components 
were included in one model proved indirectly the applicability of this 
method for such purposes. The weakness of the first principal 
component for a complete description of the stem curve (it absorbed 
93% of the total variability of the diameters in this study), might be 
considered due to the fact that the second and third components 
participate also in the stem curve description. These two components 
might account perhaps for the discrepancies induced by the crown 
length and butt—swell on the stem curve (Fries and Iletern, 1966). 
Average relative stem curves showed that the dramatically 
increased growth rate of the fertilized trees, observed in the tree 
diagrams of Chapter 5, was affecting the relative stem curves in the 
middle part of the stem (statistically significant differences at 
the 0.4 2 0.5 and 0.6 tenths of total height). 
It is worth noting, that principal component analysis indicated 
that the change in the average stem curves occurred well in the upper 	- 
half of the stem while the average relative stem curves showed that the 
change occurred in the middle' part of the stem. Three findings are 
relevant in trying to resolve this apparent discrepancy: 
The sampling procedure was given more weight towards the 
dominant trees, which were representing 35% and 42.5% for 
the control and fertilized samples of trees respectively. 
That the greatest change in form factor occurred in.the 
dominant class of the trees (Chapter 5), and 
That the ring width contour diagrams showed the greatest 
response in the upper half of the tree stem andrin part-
icular in the dominant and co—dominant classes. 
It might therefore be concluded that principal component analysis 
gives ;a better indication of the trees' response than relative stem 
curves, since the first principal component reflects the greater 
influence of the dominant trees. 
Similar results for trees responding to fertilization by changing 
their form factors have been reported by Woolons and Will (1975) and 
Whyte and Mead (1977) for Pinus radiata young (13 years old) and 
mature (40 years old), stands in New Zealand. However, Miller and 
Cooper (1973) examining the responses of Pinus nigra to fertilization 
reported changes in basal area, height and volume, but no changes in 
form factor. 
- Miller and Cooper (1973) advanced the theory that fertilization 
response might be better described if it is considered "as a simple 
analogy of an acceleration in time". miller (1981) also stated,that: 
"any parameter that changes with the developmental stage will appear 
to be altered by fertilizer so long as the treated and untreated trees 
are compared simply on an equal age basis. Thus as form factor of 
many species increases over the years prior to maximum current annual 
increment, fertilization might appear to alter tree shape". 
Following this theory form factor of trees may change - since 
treated trees through fertilization "advance" in age as compared with 
the controls - provided that they' have not yet reached the years of 
maximum current annual increment. Based on this argument, changes 
.in the stem form of the trees in this study might be explained. 
The duration of the fertilization response in this study was 
four years' and in the fifth year the response seemed to decline. This 
might be attributed to the fact that the increased space that was 
provided 'to the trees by the thinning at the' 'beginning of the experi-
ment started decreasing and competition initiated again in the stand. 
According to Woolons and Will (1975) dealing with response to 
fertilization in Pinus radiate: "if fertilizers are'applied more than 
three years after thinning then response' is inconsistent or transient; 
no response at all has been detected in unthinned stands". 
Therefore a thinning prior to. fertilization might provide trees 
with the proper conditions for a response to fertilization. 
The trees of this experiment responded in the year that 
fertilizers were applied and similar responses have been reported by' 
Brix and Ebell (1969), Brix (1976) and White (1956). The maximum of 
the response for basal area and height occurred in the second year 
following fertilization (Brix and Ebell, 1969; Brix,1976). 
In estimating responses caused by fertilization increment seems 
to be a more sensitive variable for the estimation of the response and 
comparisons between control and fertilized trees, than cumulated results 
and in particular when volume responses are going to be estimated. 
As we have seen in this study, comparisons of the volume-basal area 
lines between control and fertilized trees did not show any statis-
tically significant difference in terms of slope or regression 
coefficient, denoting that an overall regression could be used for all 
the trees. When volume increment was regressed with initial BA comp-
arison of the regressions between control and fertilized.trees, showed 
statistically significant differences between control and fertilized 
trees, and the need for two separate equations for the volume increment 
estimation. 
In the case of estimating volume responses on an area basis the 
results of this study indicated the need for the inclusion of a form 
measurement - such as'form factor - to be included for the volume 
estimation of the trees, so that responses to fertilization would be 
estimated, more accurately. 
Trees assuming higher positions in the canopy were found to 
respond more to the treatment. Hamilton (1969) found that for dominant 
Sitka spruce trees, growth initiation appears earlier and cessation later. 
This fact, coupled with the bigger vigorous and greater light inter-
ception of the.crowns, might explain their higher response to fertili-
zation. 
9.3 
SUGGESTIONS FOR FURTHER RESEARCH 
The results of this study presenting evidence of form changes 
following fertilization stimulate the research in different fields. 
In mensuration and management to search for some other models of 
relating volume with BA and perhaps another diameter higher up the stem 
to account for form changes so that better volume results could be 
obtained for the estimation of the response on an area basis. 
In-tree physiology to examine and give explanations about the 
redistribution of growth following the application of fertilizers 
and the resulting changes on the tree stem. 
In silviculture there appears the need for more experimentation, 
using different amounts of fertilizers, so that the response surface 
could be estimated and the right amount and combinations of - fertili-
zers for each particular situation to be estimated. Simulation models 
could be developed incorporating parameters to account for changes in 
form,. at different levels of fertilization, could be developed so that 
decisions could be taken about the out turn of saw—logs following 
fertilization. 
The influence of the - thinning regime and intensity before the 
application of fertilizers needs to be examined, also because evidence 
appears from other experiments that application of thinning before 
fertilization may yield a better, response, and also because in some 
cases the absence -of thinning might be the reason for no response 
(Woolons And Will, 1975). 'Combination of thinning and fertilization 
might be proved a valuable tool in silviculture and management for 
allocating the higher rate of increment over the stem, of the better 
trees in tlie.crop for early wood production. Finally the effects of 
fertilization on the stem characteristics of the trees need to be 
measured for longer periods so that conclusions could be drawn about 
their future development. 
Finally, it could be said that most of the objectives set for 
this study were obtained although some more analyses could -have - been 
carried out (e.g. bark comparisons, crown length comparisons). 
9.4 
CONCLUSIONS 
Evidence presented in this study suggests that following PK 
fertilization the,stem form of pole stage Sitka spruce trees changed. 
This might be attributed to the increased leaf area of the trees caused 
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by the application of fertilizers which in turn probably caused an 
improvement in the photosynthetic capacity of the trees. 
- The need for a form measurement to be included for volume 
estimation arises when volume responses are going to be 
estimated on an area basis. 
- Increment is a more sensitive variable in unmasking responses to 
fertilization than cumulative results. 
- The model for diameter prediction, which was developed in this 
study, using Principal Component Analysis, gave good results. 
- Use of relative diameters for the stem curve description, in 
order to exaine the influence of treatment on stem form, gave 
good results. 
- Trees responded to treatment in accordance with their position in 
the stand canopy. 
- Trees responded to fertilization in the year of application. 
- The duration of the response, in this experiment, was four years 
and in the fifth year dropped. 
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APPENDIX 1 
Example of recording the ring width measurements 
and test of the measuring device used for the 
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Fig. 2 Plotting of the mean ring measurements against 
their standard deviation. 
APPENDIX 2 
























Fig. 1 Dbh freguency distribution of the 40 sampled 
control trees (1971) 
DRH 
Fig. 2 Dbh freguency distribution of the 40 sampled 
























Fig. 3 Dbh freguency distribution of the 40 
sampled fertilized trees (1971) 
DON 

























	 • 06)4 
Fig. 5 Dbh frequency distribution of all the cciitrOI trees of all plots (1971) 







fl9. 7 Dbh freguency distribution of all the fertilized trees of all plots (1971) 
Dom 
Fig. 8  Dbh Ireguency distribution of 00 the fertilized trees of all plots (17) 
APPENDIX 3 
Tables of statistical analysis 
QQQOL) 	 fckcç 4 	- S\ 	kOfC' 
ç +k Q 01 1 0 
Ssç uc-t 	
o 
rcj • 	 0• 
U 
TABLE 1 
ANALYSIS OF VARIANCE OF BASAL AREA IN 1970 
SOURCE OF VARIATION SUM OF SQUARES D.F. MEAN SQUARE, VARIANCE RATIO F 
BLOCKS 0.000 3 0.000 
* 
3.905 
TREATMENTS 0.000 1 0.000 0.035 
EXPLAINED 0.000 7 0.000 2.060 
RESIDUAL 0.001 72 0.000 
TOTAL . 0.002 79 0.000 
at p<  0.05 
FTAB= 2.74 at p—_O.OS for 3 and 70 d.f. 
Number of trees used in the analysis: 40 control and 40 fertilized 
TAB 
ANALYSIS OF VARIANCE OF BASAL AREA IN .19 75 BETWEEN CONTROL AND FERTILIZED TREES 
SOURCE OF VARIATION SUM OF SQUARES D.F. MEAN SQUARE VARIANCE 'RATIO F 
BLOCKS 0.000 3 , 	0.000 
* 
, 	3.315 
TREATMENTS 0.000 1 0.000 2.057 
EXPLAINED 	S . 0.001 7 0.000 2.028 
RESIDUAL .0.003 .72 0.000 
TOTAL 	. Q.003 79  0.000 
*S5 at p< 0.05 
FTAB= 2.76 at p=0.05 with 3 and 70 d.f. 
Number of trees used in the analysis: 40 control and 40 fertilized 
TABLE 3 
ANALYSIS OF COVARIANCE OF BASAL AREA IN 1975 WITH COVARIATE BASAL AREA 1970 
SOURCE OF VARIATION SUM OF SQUARES D.F. MEAN SQUARE VARIANCE RATIO F 
BLOCKS. , 	 0.000 3 0.000 ' 0.512 
TREATMENTS 0.000 1 0.000 26.820* 
COVARIATES 0.003 1 0.003 	' 1190.689 
EXPLAINED 0.003 ' 	 5 0.001 
RESIDUAL •0.000 	, 74 0.000' 
TOTAL 0.093 79 0.000 
** 
ss at p <0.01 
F TAB= 7.Ol at p=O.Ol with 1 and 70 d.f. 




ANALYSIS OF VARIANCE OF BASAL AREA INCREMENT DURING 1970-75 
SOURCE OF VARIATION SUM OF SQUARES D.F. MEAN SQUARE VARIANCE RATIO F 
BLOCKS 0.000 3 0.000 1.481 
TREATMENTS 0.000 1 0.000 13.633** 
EXPLAINED 0.000 7 0.000 2.760 
RESIDUAL 0.000 72 0.000 
TOTAL 0.000 79 0.000 
** 	 S 
ss at p<O.Ol 
FTAB= 7.01 at p=O.Ol with 1 and 70 d.f. 
Number of trees used in the analysis: 40control and 40 fertilized 
TABLE  
ANALYSIS OF VARIANCE OF CROSS—SECTIONAL INCREENT AT HALF TOTAL HEIGHT 
DURING 1970-75 
Source of 	Variation_ Sum of Squares D.F Mean Square Variance Ratio F 
Blocks 0.0000148 3 0.00000493 0.851 
Treatments 0,0000405 1 000000405 15.184 ** 
Error 0.0001923 72 0.00000267 
Total 79 
SS at p<O.Ol 	 S 
F18b = 7.02 at -p 	0.01, with I and 70 d.f 
TABLE 6 
REGRESSION OF BASAL AREA INCREMENT 1970-75 WITH BASAL AREA IN. 197O. 




SOURCE OF VARIATION 
REGRESSION 






VARIANCE RATIO F 
** 
107.535 
RESIDUAL 0.00003 38 0.00000  
AG=Basal area increment during 1979-75 
G=Basal area in 1970 
** 




- 	 TABLE  
REGRESSION OF BASAL AREA INCREMENT 1970-75 WITH BASAL AREA IN 1970 




SOURCE OF VARIATION SUM OF SQUARES D.F. MEAN SQUARE- VARIANCE RATIO F 
REGRESSION 0.00013 1 0.00013 
- 	 34 . 78** 
RESIDUAL 0.00014 38 0.00000  
LG=Basal area increment during 1970-75 
C =Basal area in 1970 
** 
ss at p 0.01 
TABLE  
ANALYSIS OF VARIANCE OF HEIGHT IN 1975 BETWEEN CONTROL AND FERTILIZED TREES 
SOURCE OF VARIATION SUM OF SQUARES D.F. MEAN SQUARE VARIANCE RATIO F 
BLOCKS 51.043 3 17.014 
** 
8.947 
TREATMENTS 13.857 1 13.857 
** 
9.382 
EXPLAINED 64.901 4 16.225 7.641 
RESIDUAL 136.014 75 1.814 8.947 
TOTAL 200.914 79 2.543 
** 
ss at p<O.Ol 
FTAB= 7.01 at p=O.Ol for 1 and 70 d.f. 
Number of trees used in the analysis: 40 control and 40 fertilized 
- 	 TABLE 9 
ANALYSIS OF COVARIANCE OF HEIGHT 1975 WITH COVARIATE HEIGHT 1970 
SOURCE OF VARIATION SUM OF SQUARES D.F. MEAN SQUARE VARIANCE RATIO F 
BLOCKS 	 . 0.749. 3 0.250 . 	 0.972 
TREATMENTS 11.935 1 11.935 
46.431** 
COVARIATES 116.932 1 116.992 455.146 
EXPLAINED 181.893 5 36.379 141.527 
RESIDUAL. .. 	19.021 74 0.257 
TOTAL 200.914 79 2.543 
** 
ss at p<O.Ol 
FTAB=7.Ol at p=O.Ol, with 1 and 70 d.f. 




REGRESSION OF HEIGHT 1975' WITH HEIGHT 19,70 	(CONTROL TREES n=40) 




SOURCE OF VARIATION SUN OF SQUARES D.F. MEAN SQUARE VARIANCE 'RATIO F 
' 	 REGRESSION 	. 92.077 	. .1 . 	 92.077 
** 
314.143 
RESIDUAL 	. 11.138 38 , 	 0.293 
HE 
75= 
 Height in 1975 




ss at p.(O.Ol 
TABLE 11 
REGRESSION OF HEIGHT' 1975.WITH HEIGHT 1970 (FERTILIZED TREES n=40) 




SOURCE OF VARIATION SUM OF SQUARES D.F. MEAN SQUARE VARIANCE RATIO F 
REGRESSION 77.550 1 77.550 330.238 ** 
RESIDUAL 8.923 38 0.2348 
HE 
75=  Height in 1975 
HE 70=  Height in 1970 
** 
ss at p (0.01 
TABLE 12 
ANALYSIS OF. SVARIANCE OF FORM FACTOR CHANGE 
DURING 1970-75 
SOURCE OF VARIATION 'SUM OF SQUARES D.F. MEAN SQUARE VARIANCE 'RATIO F 
BLOCKS 0.003 1  3 0.001 1.797 
TREATMENTS. 0.004 .1 0.004 7.189 
EXPLAINED 0.009 7 0.001 2.103 
RESIDUAL ' 	 0.045 72 0.001 
TOTAL 	' .0.054 79 0.001 
at p<O.Ol 	 ' 
F TAB= 7.Ol for 1 and 
'72 d.f. at p=O.Ol , 
2 
Number of trees used in the analysis: 40 control and 40 fertilized 
N..) 
TABLE13 
ANALYSIS OF' VARIANCE .OF FORM FACTOR CHANGE 
DURING 1965-70 
SOURCE OF VARIATION SUM OF SQUARES D.F. MEAN SQUARE VARIANCE RATIO F 
BLOCKS 0.005 3 0.002 .2.251 
TREATMENTS. OOOO 1. 0.000 0.038 NS 
EXPLAINED 0.005 7 0.001 1.022 
RESIDUAL 0.054 72 0.001 
TOTAL 0.059 79 
FTAB=2.74 with 1 and 70 d.f. at p=0.005 
NS= No ss differences at pO.OS 
Number of trees used in the analysis: 40 control to be and 40 fertilized to be 
U, 
TABLE 14 
ANALYSIS OF VARIAIICE OF VOLUME IN 1975 
SOURCE OF VARIATION SUM OF SQUARES D.F. MEAN SQUARES VARIANCE RATIO F 
BLOCKS 0.012 	. 3 0.004 
* 
3.793 
TREATMENTS 0.000 1 0.000 0.213 
EXPLAINED 	. 0.018 7 0.003 . 	.2.582 
RESIDUAL 0.073 72 0.001 
TOTAL 0.091 79 0.001 . 
* 
ss at p(O.O5 
FTAB= 2.74 at p=0.05 for 3 and 72 d.f. 




ANALYSIS OF COVARIANCE-OF VOLUME 1975 .WITH COVARIATE VOLUME 1970 
SOURCE OF VARIATION SUM OF SQUARES D.F. MEAN SQUARE VARIANCE RATIO F 
BLOCKS 0.000 3 0.000 0.458 
TREATMENTS 0.011 1 0.011 524.747 ** 
COVARIATES 0.193 1 0.193 	, 8887.625 
EXPLAINED 0.255 8 0.032 1465.902 
RESIDUAL, 0.002 71 0.000 
TOTAL 0.257 79 0.003 
ss at pO.Ol 
FTAB=7.Ol at p-4.01, with 1 and 70 d.f. 
Number, of trees used: '40 control and 40 fertilized 
TABLE 16 
ANALYSIS OF VOLUME INCREMENT DURING 1970-75 
SOURCE OF VARIATION SUM OF SQUARES D.F. MEAN SQUARE VARIANCE RATIO F 
BLOCKS 0.005 3 0.002 2.455 
TREATMENTS 0.011 1 0.011 15.926 
EXPLAINED 0.016 7 0.002 3.443 
RESIDUAL 0.049 72 0.001 
TOTAL 0.065 79 0.001 
ss at p(O.Ol 
F TAB=  7.Ol at p=O.Ol 
 for 1 and 70 d.f. 
Number of trees used: 40 control and 40 fertilized 
TABLE 17 
OVERALL REGRESSION OF VOLUME INCREMENT DURING 1970-75 WITH BASAL AREA 1970 




SOURCE OF VARIATION SUM OF SQUARES 
0.0379 
D.F. MEAN SQUARE VARIANCE RATIO F 
REGRESSION 1 0.037 
** 
108.195 
RESIDUAL 0.0273 78 0.0003 
** 
ss at pO.Ol 
VI= Volume Increment during 1970-75 
Basal area in 1970 
TABLE 18 
REGRESSION OF VOLUME INCREMENT DURING 1970-75 WITH BASAL AREA 1970 
CONTROL TREES 	 VI= -0.0123 +3.631 C 70 . 
AN OVA 
SOURCE OF VARIATION SUM OF SQUARES D.F MEAN SQUARE VARIANCE RATIO F 
R= 0.895 	REGRESSION 	 0.0136 	1 	0.0136 	153.729 
SE=0.009 I RESIDUAL 
	








SOURCEOFVARIATION SUM OF SQUARES D.F. MEAN SQUARE VARIANCE RATIO F 
REGRESSION 0.0258 1 0.0258 84.481 
RESIDUAL 0.0116 38 0.0003 
IM 
ss at p<O.00l 
VI= Volume increment 
G 70= Basal area 1970 
TARTY 10 
COMPARISON OF THE REGRESSIONS OF VOLUME INCREMENT 1970-75 WITH BASAL AREA 
1970 BETWEEN CONTROL AND FERTILIZED AN0vAR: OF DIFFERENCES 
SOURCE OF VARIATION SUM OF SQUARES D.F. MEAN SQUARE VARIANCE RATIO F 
COMBINED REGRESSION 0.03754 1 0.03754 178.224 
BETWEEN COEFFICIENTS 0.00239 1 0.00239 11.391** 
BETWEEN CONSTANTS 0.00985 1 0.00985 46.799** 
RESIDUAL .0.01600 76 0.00021 
TOTAL 	. 0.06580 79 
** 
ss  differences at p(O.Ol 
FTAB=6.96 for 1-and-80  d.f. at p=O.Ol 
TABLE 20 
REGRESSION OF VOLUME IN 1975 WITH VOLUME IN 1970 




SOURCE OF VARIATION SUM OF SQUARES D.F. MEAN SQUARE VARIANCE RATIO F 
REGRESSION 0.12271 1 0.1227 1328.80* 
RESIDUAL 0.0035 38 0.00009  




SOURCE OF VARIATION SUM OF SQUARES D.F. MEAN SQUARE VARIANCE RATIO F 
REGRESSION 0.1241 1 0.1241 355.32 ** 
RESIDUAL - 0.0132 38 0.0003  
S. 
ss at p<O.Ol 
V 75= volume in 1975 
V 70= volume in 1970 
TABLE 21 
COMPARISONS OF THE REGRESSIONS OF VOLUME 1975 WITH VOLUME 1970 BETWEEN CONTROL 
AND FERTILIZED TREES ANOVAR.OF.DIFFERENCES 
SOURCE OF VARIATION SUM OF SQUARES D.F. MEAN SQUARE VARIANCE RATIO F 
COMBINED REGRESSION 0.24337 1 0.24337 1101.853 
BETWEEN COEFFICIENTS 0.00195 1 0.00195 8.849** 
BETWEEN CONSTANTS. 0.01141 1 0.01141 51.660** 
RESIDUAL 0..01678 76 0.00022 
TOTAL 0.27352 79 
** 
ss differences at pO.Ol 
FTAB=6.96 for 1 and 80 d.f. at p=O.Ol 
TABLE 22 
REGRESSION 0F VOLUME IN 1975 WITH BASAL AREA IN 1975 




SOURCE OF VARIATION SUM OF-SQUARES D.F. MEAN SQUARE VARIANCE RATIO F 
REGRESSION 	. 0.1180 1 0.1180 1 	547.84 
RESIDUAL 0.0081 38 0.0002  
FERTILIZED TREES 	V75= -0.0320 +9.014 C 75 
ANOVA  
SOURCE OF VARIATION SUM OF SQUARES D.F. -MEAN SQUARE VARIANCE RATIO F 
	
R=0.971 	REGRESSION 	 0.1298 	1 	0.1298 	647.92 
SE=0.014 	RESIDUAL 	 0.0076 	38 . 	0.0002 
** 
Ss. at p<O.Ol 
V75=Volume in. 1975 
G 70=Basal area in 1975 
TABLE 23 
COMPARISON OF THE REGRESSIONS OF VOLUME IN 1975 WITH BASAL AREA 1975 BETWEEN 
CONTROL AND FERTILIZED ANOVAR OF DIFFERENCES 
SOURCE OF VARIATION SUM OF SQUARES D.F. MEAN SQUARE VARIANCE RATIO F 
COMBINED REGRESSION 0.25668 1 0.25668 1,231.861 
BETWEEN COEFFICIENTS 0.00053 1 0.00053 2.589 N.S 
BETWEEN CONSTANTS 0.00046 1 0.00046 2.241 N.S 
RESIDUAL 0.01583 76 0.00021 
TOTAL 0.27352 79 
N.S. No statistically significant differences at p< 0.05 
F TAB= 3.96 





METHOD 1 - REGRESSION ANOVA - V=a+b G 
CONTROL TREES (n=40) 





REGRESSION 0.11875873 1 0.11875873 605.018 735 
RESIDUAL 0.00745899 38 0.00019628) 
TOTAL 0.1262176 39 
FERTILIZED TREES (n=40) 





REGRESSION 0.13081599 1 0.13081599 751.O36** 735 
RESIDUAL 0.06618866 38 0.000174180 
TOTAL 0.19700465 39 
NOTES: 
V=Volume underbark estimated from stem analysis in-1975 
C=overbark basal area in 1975 
statistically significant at P(O.Oi 
0•' 
TABLE 25 
COMPARISON OF THE TWO REGRESSIONS FOR METHOD 1 
ANOVAR OF DIFFERENCES 
SOURCE SS d.f. MS yR TABLE F 
COMBINED REGRESSION 0.258964 1 0.258964 1398.03 3.9 
BETWEEN COEFFICIENTS 0.000338 1 0.000338 1.8258 N.'S 
BETWEEN CONSTANTS 0.000148 1 0.000148 0.80.21 N.S 
RESIDUAL 0.014077 76 0.000185 . 
TOTAL 0.273529 79 5 
NS No differences at p,< 0.05 
r') 
-J 
: ,TABLE 26 
METHOD '2 - REGRESSION ANOVA - VI=a+b G 11 
CONTROL TREES (n=40) 





REGRESSION 0.00246202 1 0.00946202 '141.70 7.35 
RESIDUAL 0.00253734 38 0.00006677 
TOTAL 0.01199936 39  
FERTILIZED TREES (rt=40) 





REGRESSION 0.01927313 1 0.01927313 
** 
113.39 7.35 
RESIDUAL 0.00645858 38 0.00169962 
TOTAL 0.02573171 39 
NOTES: 
VI=Volume increment during 1971-75 estimated from stem analysis data 
G=Basal area estimated overbark in 1971 
** s t a ti s ticall y significant at p 4(0.01 	' 
r'3 
TABLE 27 
.COMPARISONOF THE REGRESSIONS FOR METHOD 2 tV=a+b C 71 
ANOVAR OF DIFFERENCES • 
SOURCE SS d.f 
10.0286539 
MS .VR TABLE F 
COMBINED REGRESSION 0.0286539 1 242.07 
BETWEEN-COEFFICIENTS 0.0016955 1 0.0016955 14.324  
BETWEEN CONSTANTS 0.0056284 1 0.0056284 
47•55* 
RESIDUAL 0.0089955 76 0.000118367 
TOTAL 0.044973 79 
C*significant at p <0.1 
Ila 
%0 
